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(54) Method and apparatus for improving the uniformity of distribution of a phosphorus 
containing agent throughout a maleic anhydride catalytic reactor 



(57) Improved methods and apparatus for the prep- 
aration of maleic anhydride by reacting a hydrocarbon 
having at least four carbon atoms in a straight chain with 
molecular oxygen in a catalytic reactor, the reactor com- 
prising a fixed catalyst bed having active sites compris- 
ing a vanadium-phosphorus-oxygen catalyst for the 
catalytic oxidation of the hydrocarbon to maleic anhy- 
dride, said process further comprising the continuous or 
intermittent introduction of a phosphorus-containing 
agent to the reactor The introduction of the phospho- 



rus-containing agent into the maleic anhydride produc- 
tion system is controlled so to provide for a more 
uniform distribution of the phosphorus-containing agent 
throughout the reactor. The methods of the invention 
are effective to reduce deposits of the phosphorus-con- 
taining agent or decomposition products of the phos- 
phorus-containing agent on reactor surfaces other than 
the catalytic bed thereby decreasing reactor mainte- 
nance and increasing reactor lifetime. 
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[0001] This invention relates to an improved proc- 
ess for the production of maleic anhydride by the oxida- 
tion of a hydrocarbon having at least four carbon atoms s 
in a straight chain in a catalytic reactor. More particu- 
larly, this invention relates to a method for improving the 
uniformity of distribution of a phosphorus-containing 
agent throughout a maleic anhydride catalytic reactor. 
[0002] Maleic anhydride is of significant commercial 10 
interest throughout the world. It is used alone or in com- 
bination with other acids in the manufacture of alkyd 
and polyester resins. It is also a versatile intermediate 
for chemical synthesis. 

[0003] Maleic anhydride is conventionally manufac- 15 
tured by passing a gas comprising a hydrocarbon hav- 
ing at least four carbon atoms in a straight chain and 
oxygen through a catalyst bed, typically a fixed catalyst 
bed tubular plug flow reactor, containing a catalyst com- 
prising mixed oxides of vanadium and phosphorus. The 20 
catalyst employed may further comprise promoters, 
activators or modifiers such as iron, lithium, zinc, molyb- 
denum, chromium, uranium, tungsten, and other met- 
als, boron and/or silicon. The reaction product gas 
produced contains maleic anhydride together with oxi- 25 
dation by-products such as carbon monoxide, carbon 
dioxide, water vapor, acrylic and acetic acids and other 
by-products, along with inert gases present in air when 
air is used as the source of molecular oxygen. 
[0004] Because the reaction is highly exothermic, 30 
the reactor must be cooled during operation. Typically, a 
shell and tube heat exchanger is used as a reactor with 
the catalyst packed in the tubes through which the 
hydrocarbon and oxygen gases are passed. A cooling 
fluid, often a molten salt, flows over and cools the out- 35 
side of the tubes. Because the length of the tubes is 
generally much greater than the diameter of the tubes, 
the reaction system approaches plug flow. 
[0005] While the cooling capacity is substantially 
uniform throughout the reactor, the rate of reaction var- 40 
ies widely with the concentration of the hydrocarbon 
reactant and the temperature of the reaction zone. 
Because the reactant gases are generally at a relatively 
low temperature when they are introduced into the cat- 
alyst bed, the reaction rate is low in the region immedi- 45 
ately adjacent the inlet of the reactor. Once the reaction 
begins, however, it proceeds rapidly with the rate of 
reaction further increasing as the reaction zone temper- 
ature increases from the heat released by the reaction. 
The reaction zone temperature continues to increase so 
with distance along the length of the reactor tube until 
the depletion of the hydrocarbon causes the rate of 
reaction to decrease thereby decreasing the tempera- 
ture of the reaction zone through transfer of heat to the 
cooling fluid, and allowing the remaining portion of the 55 
reactor tube to operate at a lower temperature differen- 
tial. The point of maximum temperature reached in the 
reactor tube is generally referred to as the "hot spot" . 
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[0006] If the temperature^Je hot spot of the reac- 
tor becomes too great, problems can occur in the oper- 
ation of the reactor. Generally, the selectivity of the 
catalyst varies inversely with the reaction temperature 
while the rate of reaction varies directly with the reaction 
temperature. Higher reaction zone temperatures result 
in lower catalyst selectivity and favor the complete oxi- 
dation of the hydrocarbon feedstock to carbon dioxide 
and water instead of maleic anhydride. As the hot spot 
temperature increases, the amount of the hydrocarbon 
feedstock consumed by the reaction increases but the 
decreased selectivity of the catalyst can result in a 
decreased yield of maleic anhydride. In addition, expo- 
sure of the catalyst bed to excessive temperatures may 
degrade the catalyst Such degradation of the catalyst 
generally reduces the productivity of the operation and 
may also reduce the selectivity of the catalyst at a given 
temperature. Further, because the reaction rate con- 
stant increases exponentially with temperature, the 
reactor can experience thermal runaway if the tempera- 
ture of the reactor becomes too high. The higher heat of 
reaction released by the conversion of the hydrocarbon 
feedstock to carbon dioxide and water further com- 
pounds this problem. 

[0007] To modulate catalyst activity and enhance 
catalyst selectivity, a small amount of a phosphorus 
compound can be added to the reactant gases intro- 
duced to the reactor. Although the function of the phos- 
phorus compound is not fully understood, it has been 
hypothesized that phosphorus is lost by the catalyst 
under the catalytic oxidation conditions and that a por- 
tion of the phosphorus compound added to the reactant 
gases is sorbed by the catalyst. It has been further 
hypothesized that this treatment of the catalyst with the 
phosphorus compound increases or restores the phos- 
phorusAranadium ratio of the catalyst to a ratio more 
favorable for catalyst selectivity, particularly a ratio that 
favors formation of maleic anhydride in preference to 
other catalytic by-products. 

[0008] This treatment of the catalyst may be further 
modified by adding both water and a small amount of a 
phosphorus compound to the reactant gases intro- 
duced to the reactor. Although the function of this com- 
bination is not fully understood, it has been 
hypothesized that the addition of water to the reactor 
gases promotes a relatively even distribution of the 
sorbed phosphorus compound throughout the catalyst 
bed. In the absence of moisture, it has been observed 
that the phosphorus compound introduced into the 
reactant gases tends to deposit in an area immediately 
adjacent to the inlet of the tubular reactor. 
[0009] Edwards, U.S. Patent No. 4,701,433 and 
U.S. Patent No. 4,810,803 disclose the introduction of 
water and a phosphorus compound into the catalyst bed 
of a maleic anhydride reactor to partially deactivate a 
portion of the catalyst bed and to make the temperature 
profile of the reactor more isothermal. Suitable phos- 
phorus compounds are described to include alkyl phos- 
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phites and alkyl phos|^pis f including trimethyl 
phosphate. While Edwards discloses that the phospho- 
rus compound and water can be added to the feedstock 
introduced to the reactor, he further discloses that a 
variety of other methods can be employed to add the 5 
phosphorus compound and water to the catalyst bed. 
These methods include the use of an aerosol to convey 
the phosphorus compound; the use of suspensions or 
colloidal solutions of the phosphorus compound; the 
use of a solvent for the phosphorus compound; and the w 
addition of the phosphorus compound through a diluent 
gas such as nitrogen. Edwards does not, however, spe- 
cifically teach how the phosphorus compound should be 
added to the feedstock or at what point in the process 
the phosphorus compound should be added to the feed- 75 
stock. 

[0010] Ebner, U.S. Patent No. 5,185,455 discloses 
a process for controlling the rate of addition of trimethyl 
phosphate to an n-butane and oxygen stream entering 
a maleic anhydride catalytic reactor to improve catalyst 20 
selectivity without decreasing catalyst activity. Ebner 
describes a system for maintaining an optimal concen- 
tration of trimethyl phosphate in the reactant gases 
entering the reactor. Ebner, however, does not specifi- 
cally teach how the trimethyl phosphate should be 25 
added to the feedstock or at what point in the process 
the trimethyl phosphate should be added to the feed- 
stock. 

[0011] Among the objects of the present invention, 
therefore, are the provision of an improved process for 30 
the production of maleic anhydride; a process for con- 
trolling the introduction of a phosphorus-containing 
agent into a maleic anhydride catalytic reactor; a proc- 
ess for improving the uniformity of distribution of a phos- 
phorus-containing agent introduced into a maleic 35 
anhydride catalytic reactor throughout that reactor; a 
process for promoting vaporization and uniform distribu- 
tion of a phosphorus-containing agent in a feed stream 
before the feed stream is introduced into a maleic anhy- 
dride catalytic reactor; and a process for reducing the 40 
accumulation of a phosphorus-containing agent (or 
decomposition products of a phosphorus-containing 
agent) on surfaces of a maleic anhydride catalytic reac- 
tor into which the phosphorus-containing agent is intro- 
duced. 45 
[0012] It is a more particular object of the present 
invention to improve the uniformity of distribution of tri- 
methyl phosphate in an n-butane and oxygen stream 
introduced into a maleic anhydride catalytic reactor 
thereby improving the uniformity of distribution of trime- 50 
thyl phosphate throughout the reactor and/or reducing 
the accumulation of trimethyl phosphate (or decomposi- 
tion products of trimethyl phosphate) on surfaces of a 
maleic anhydride catalytic reactor into which the trime- 
thyl phosphate is introduced. 55 
[0013] Other objects of the invention will be in part 
apparent and in part pointed out hereinafter. 
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Fig. 1 is a schematic diagram of one embodiment of 
a process for the manufacture of maleic anhydride 
in accordance with the present invention. 
Fig. 2 is a schematic diagram of an alternative 
embodiment of the process for the manufacture of 
maleic anhydride shown in Fig. 1 . 
Fig. 3 is a schematic diagram of still another 
embodiment of a process for the manufacture of 
maleic anhydride in accordance with the present 
invention wherein a phosphorus-bearing hydrocar- 
bon feed stream is divided and directed to a plural- 
ity of maleic anhydride catalytic reactors. 
Fig. 4 shows a plot comparing the standard devia- 
tion of trimethyl phosphate concentration in the 
reactor feed stream as a function of time for (a) tri- 
methyl phosphate addition controlled by metering 
pump, and (b) trimethyl phosphate addition control- 
led by pressurized nitrogen feed tank. 

[0015] Corresponding reference characters indi- 
cate corresponding parts throughout the drawings. 
[001 6] Although it is known that a small amount of a 
phosphorus-containing agent can be added to the reac- 
tant gases introduced into a maleic anhydride catalytic 
reactor to modulate catalyst activity and enhance cata- 
lyst selectivity, the development of more active catalysts 
has necessitated the use of larger amounts of the phos- 
phorus-containing agent to control hot spot activity in 
the reactor. As a result, significant deposition of the 
phosphorus-containing agent (or decomposition prod- 
ucts of a phosphorus-containing agent) on reactor sur- 
faces has occurred causing increased corrosion and 
pitting of those surfaces, particularly for reactor inlet 
tubesheets, inlet piping and rupture disc housings. 
Moreover, the distribution of phosphorus-containing 
agent deposits is uneven, with more of the phosphorus- 
containing agent flowing to the inlet and central portions 
of the tubesheet. Welding of tubesheet cracks caused 
by such depositions can result in considerable expense. 
Further, rate reduction due to resulting hot spot activity 
decreases the profitability of the process. 
[0017] In accordance with the present invention, 
therefore, it has been discovered that the deposition 
and/or accumulation of a phosphorus-containing agent 
present in reactant gases introduced into a maleic anhy- 
dride catalytic reactor (or decomposition products of the 
phosphorus-containing agent) on the surfaces of the 
reactor can be materially reduced by improving the uni- 
formity of distribution of the phosphorus containing 
agent in the reactant gases prior to introduction of the 
gases into the reactor. Improving the uniformity of distri- 
bution of such phosphorus containing agents or decom- 
position products of the phosphorus-containing agent 
can, for example, reduce unwanted pitting or corrosion 
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of reactor surfaces, reduce requireWnaintenance, and 
increase lifetime for the reactor. 
[0018] Because poor distribution of the phospho- 
rus-containing agent throughout a catalytic reactor used 
in the preparation of maleic anhydride also can result in s 
some areas of the reactor receiving a less than normal, 
or less than optimal, amount of the phosphorus-contain- 
ing agent and other areas of the reactor receiving a cor- 
respondingly greater than normal, or greater than 
optimal, amount of the phosphorus-containing agent, io 
such nonuniform distribution of the phosphorus-contain- 
ing agent throughout the reactor can have an adverse 
effect on the performance of the reactor. Improving the 
uniformity of distribution of such phosphorus containing 
agents or decomposition products of the phosphorus- 75 
containing agent can improve reactor performance. 
[0019] In a tubular reactor where the phosphorus- 
containing agent is not uniformly distributed throughout 
the reactor, for example, the catalyst beds contained in 
those reactor tubes receiving a greater than normal 20 
amount of the phosphorus-containing agent exhibit 
increased deactivation although the operation of the 
tubes remains relatively stable. The hot spot of each 
tube shifts further into the catalyst bed but remains sub- 
stantially well behaved. While the operation of these 25 
reactor tubes remains relatively stable, the conversion 
of the hydrocarbon feedstock introduced into those 
tubes generally decreases. In addition, although the 
catalyst beds contained in such tubes generally exhibit 
good selectivity, the maleic anhydride yield from these 30 
tubes decreases due to operating the reactor at less 
than the normal, or target, conversion. This decrease in 
conversion can be reversed, for example, by increasing 
the temperature at which the reaction is conducted. This 
increase in temperature, however, can lead to 35 
decreased catalyst selectivity (and thus increased pro- 
duction of carbon dioxide and water at the expense of 
maleic anhydride production) and accelerated degrada- 
tion of the catalyst. Further, reactor tubes receiving a 
greater than normal amount of the phosphorus-contain- 40 
ing agent may exhibit an increase in deposition of the 
phosphorus-containing agent or decomposition prod- 
ucts of the phosphorus-containing agent on reactor or 
tube surfaces, particularly reactor inlet tubesheets, inlet 
piping and rupture disc housings. 45 
[0020] In the illustrative tubular reactor, the catalyst 
beds contained in those reactor tubes receiving a less 
than normal amount of the phosphorus-containing 
agent are not deactivated to the same extent as catalyst 
beds receiving the normal amount of the phosphorus- so 
containing agent. Operation of those tubes becomes 
less stable and more susceptible to thermal runaway in 
the catalyst bed under normal operating conditions. 
These tubes likewise are more sensitive to upsets from 
normal operation such as a decrease in space velocity. 55 
As the cooling fluid temperature is allowed to rise to 
increase the average reaction temperature, and thereby 
compensate for the decreased catalyst activity in the 



reactor tubes receiving a lar^^pbn normal amount of 
phosphorus-containing agent, the reactor tubes receiv- 
ing a less than normal amount of phosphorus-contain- 
ing agent operate at higher than target conversions of 
the hydrocarbon feedstock leading to decreased cata- 
lyst selectivity due to excessive hot spot temperatures in 
such tubes. 

[0021] If the phosphorus-containing agent is not 
well-distributed throughout the reactor, the above prob- 
lems may occur. The improved process in accordance 
with the present invention provides for a more consist- 
ent and uniform distribution of the phosphorus-contain- 
ing agent introduced into the reactor and minimizes or 
eliminates such problems. In particular, the process in 
accordance with the present invention reduces the dep- 
osition or accumulation of solid or liquid phosphorus- 
containing agent or decomposition products of the 
phosphorus-containing agent on reactor surfaces other 
than the catalytic bed, particularly on reactor inlet sur- 
faces, and more particularly on the rupture discs in the 
reactor inlet head. It is also hypothesized that the proc- 
ess in accordance with the present invention addition- 
ally provides one or more of the following beneficial 
effects relative to conventional processes: (1) a more 
consistent and uniform conversion of the hydrocarbon 
feedstock in the tubes; (2) a lower hot spot temperature 
in the tubes; (3) a slower increase in the temperature of 
the heat-transfer medium used to cool the reactor over 
time; (4) improved catalyst activity and/or stability, 
and/or (5) improved maleic anhydride yield stability, i.e., 
a lower maleic anhydride yield decay value. 
[0022] For purposes of this invention, the term 
"yield" means the ratio of the moles of maleic anhydride 
obtained to the moles of hydrocarbon feedstock intro- 
duced into the reaction zone multiplied by 100%, the 
term expressed in mole percent. The term "selectivity" 
means the ratio of moles of maleic anhydride obtained 
to the moles of hydrocarbon feedstock reacted or con- 
verted multiplied by 100, the term expressed in mole 
percent. The term "conversion' means the ratio of moles 
of hydrocarbon feed stock reacted to the moles of 
hydrocarbon feedstock introduced into the reaction 
zone multiplied by 100, the term expressed in mole per- 
cent. The term "space velocity" or "gas hourly space 
velocity" or "GHSV" means the hourly volume of gase- 
ous feed expressed in cubic centimeters (cc) at 15.5°C 
and atmospheric pressure, divided by the catalyst bulk 
volume, expressed in cubic centimeters, the term 
expressed as cc/cc-hr or hr" 1 . 

[0023] A schematic diagram of one embodiment of 
the process and apparatus of the present invention is 
illustrated in Fig. 1. The maleic anhydride production 
system in accordance with the present invention is gen- 
erally designated by reference numeral 1. It will be 
understood by those skilled in the art that the present 
invention may be used in conjunction with catalytic reac- 
tors of various configurations and modes of operation, 
the following description is intended to be merely illus- 
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trative of the type of syste^^Jvhich the present inven- 
tion may be applied. 
[0024] A source of a hydrocarbon having at least 
four carbon atoms in a straight chain flows through a 
hydrocarbon feed line 3 to a first mixing zone 5. A phos- 5 
phorus-containing agent is introduced into first mixing 
zone 5 to form a phosphorus-bearing hydrocarbon feed 
stream. The phosphorus-bearing hydrocarbon feed 
stream flows through a first conduit 7 to an oxygen mix- 
ing zone 9 wherein the phosphorus-bearing hydrocar- io 
bon feed stream is mixed with molecular oxygen or a 
molecular oxygen-containing gas to form a reactor feed 
gas. Oxygen mixing zone 9 is in fluid communication 
with tubular reactor 1 1 and the reactor feed gas flows 
from oxygen mixing zone 9 to tubular reactor 11 where 15 
it undergoes partial catalytic oxidation to maleic anhy- 
dride. 

[0025] Tubular reactor 11 comprises a shell and 
tube heat exchanger having a shell 13, vertically ori- 
ented tubes 1 5, a lower head 1 7 having a gas inlet port 20 
19, and an upper head having a lower gas exit port 21. 
Tubes 1 5 of the reactor are fixed in lower and upper tube 
sheets 23 and 25, and are packed with a catalyst to pro- 
vide in each tube a component bed 27 of catalyst. Taken 
together, the combined tubes 1 5 constitute the reaction 25 
chamber. Inlet port 19 is in fluid flow communication 
with the reactor feed stream. 

[0026] For phosphorus-containing agents that have 
a sufficiently high vapor pressure under the applicable 
conditions, the introduction of the phosphorus-contain- 30 
ing agent into the hydrocarbon feed stream preferably is 
controlled such that the phosphorus-containing agent is 
substantially vaporized in the reactor feed stream 
before the reactor feed stream enters the catalyst bed. 
More preferably, the introduction of the phosphorus- 35 
containing agent into the hydrocarbon feed stream is 
controlled such that at least about 90%, still more pref- 
erably at least about 95%, and still more preferably at 
least about 99%, of the phosphorus-containing agent is 
vaporized in the phosphorus-containing hydrocarbon 40 
feed stream prior to the combination of the phosphorus- 
containing hydrocarbon feed stream with molecular oxy- 
gen or molecular oxygen-containing gas, or at least 
before the reactor feed stream enters the catalyst bed. 
[0027] In accordance with the instant invention, 45 
therefore, an improved process has been developed for 
the preparation of maleic anhydride by reacting a hydro- 
carbon having at least four carbon atoms in a straight 
chain wit molecular oxygen in a catalytic reactor. The 
reactor generally comprises a fixed catalyst bed having so 
active sites comprising a vanadium-phosphorus-oxygen 
catalyst for the catalytic oxidation of the hydrocarbon to 
maleic anhydride. A phosphorus-containing agent is 
continuously or intermittently introduced into the reac- 
tor. The manner in which the phosphorus-containing 55 
agent is introduced into the reactor is controlled so as to 
improve the distribution of the phosphorus-containing 
agent throughout the reactor. 
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[0028] In one emWaiment of the invention, the 
phosphorus-containing agent is introduced into a gase- 
ous feed stream comprising the hydrocarbon to provide 
a phosphorus-bearing hydrocarbon feed stream. The 
phosphorus-bearing hydrocarbon feed stream is com- 
bined with molecular oxygen or a molecular oxygen- 
containing gas to form a reactor feed stream. To achieve 
the desired distribution of the phosphorus-containing 
agent throughout the reactor, the introduction of the 
phosphorus-containing agent into the hydrocarbon feed 
stream is controlled such that the phosphorus-contain- 
ing agent is substantially vaporized before the reactor 
feed stream enters the catalyst bed. The hydrocarbon is 
reacted with the molecular oxygen in the reactor to pro- 
duce a reaction product comprising maleic anhydride. 
[0029] To promote the desired vaporization and/or 
the substantially uniform distribution of the phosphorus- 
containing agent, the residence time of the phosphorus- 
containing agent in the phosphorus-bearing hydrocar- 
bon feed stream prior to the combination of the phos- 
phorus-bearing hydrocarbon feed stream with the 
molecular oxygen or molecular oxygen-containing gas 
preferably is greater than about three seconds, more 
preferably greater than about five seconds, and still 
more preferably greater than about eight seconds. Gen- 
erally, a sufficient residence time of the phosphorus- 
containing agent in the phosphorus-bearing hydrocar- 
bon feed stream prior to the combination of the phos- 
phorus-bearing hydrocarbon feed Stream with the 
molecular oxygen or molecular oxygen-containing gas 
is between about two seconds to about 90 seconds, 
preferably between about four seconds to about 30 sec- 
onds, more preferably between about six seconds to 
about 25 seconds, and still more preferably between 
about eight seconds to about 15 seconds. 
[0030] While the above preferred residence times 
are expected to encompass most residence times that 
may be effectively employed in accordance with the 
present invention, those skilled in the art will recognize 
that residence times may vary from reactor to reactor 
depending upon parameters such as piping and reactor 
configuration and space velocity. For example, a reduc- 
tion in the residence time of the phosphorus-containing 
agent in the phosphorus-bearing hydrocarbon feed 
stream prior to the combination of the phosphorus-bear- 
ing hydrocarbon feed stream with the molecular oxygen 
or molecular oxygen-containing gas may be acceptable 
in a given reactor configuration where there is an appro- 
priate increase in the residence time of the reactor feed 
stream prior to introduction of the reactor feed stream 
into the reactor. Accordingly, the instant process should 
be interpreted broadly to include all residence times suf- 
ficient to allow the phosphorus-containing agent to be 
substantially vaporized and/or substantially uniformly 
distributed in the reactor feed stream before the reactor 
feed stream enters the catalyst bed. 
[0031] In another embodiment, therefore, a phos- 
phorus-containing agent is introduced into a gaseous 
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feed stream comprising the hydroWroon to provide a 
phosphorus-bearing hydrocarbon feed stream. The 
phosphorus-bearing hydrocarbon feed stream is com- 
bined with molecular oxygen or a molecular oxygen- 
containing gas to form a reactor feed stream. To achieve 5 
the desired vaporization and/or uniform distribution, the 
introduction of the phosphorus-containing agent into the 
hydrocarbon feed stream is controlled such that the 
phosphorus-containing agent is substantially uniformly 
distributed throughout the reactor feed stream before 10 
the reactor feed stream enters the catalyst bed. The 
hydrocarbon is reacted with the molecular oxygen in the 
reactor to produce a reaction product comprising maleic 
anhydride. 

[0032] In still another embodiment, a phosphorus- 75 
containing agent is introduced into a feed stream com- 
prising the hydrocarbon to provide a phosphorus-bear- 
ing hydrocarbon feed stream. The hydrocarbon feed 
stream is combined with molecular oxygen or a molecu- 
lar oxygen-containing gas to form a reactor feed stream. 20 
To achieve the desired vaporization and/or uniform dis- 
tribution, the introduction of the phosphorus-containing 
agent into the hydrocarbon feed stream is controlled 
such that the residence time of the phosphorus-contain- 
ing agent in the phosphorus-bearing hydrocarbon feed 25 
stream prior to the combination of the phosphorus-bear- 
ing hydrocarbon feed stream with molecular oxygen or 
molecular oxygen-containing gas is greater than one 
second. The hydrocarbon is reacted with the molecular 
oxygen in the reactor to produce a reaction product 30 
comprising maleic anhydride. 

[0033] In still another embodiment, the phospho- 
rus-containing agent is introduced into a feed stream 
comprising the hydrocarbon in a first mixing zone to pro- 
vide a phosphorus-bearing hydrocarbon feed stream. 35 
The phosphorus-bearing hydrocarbon feed stream 
passes through a conduit to an oxygen mixing zone and 
the phosphorus-bearing hydrocarbon feed stream is 
mixed with molecular oxygen or a molecular oxygen- 
containing gas in the oxygen mixing zone to form a 40 
reactor feed gas. The residence time of the phospho- 
rus-bearing hydrocarbon feed stream in the conduit is 
greater than one second. The hydrocarbon is reacted 
with the molecular oxygen in the reactor to produce a 
reaction product comprising maleic anhydride. 45 
[0034] Fig. 2 illustrates an alternative embodiment 
of the process and apparatus of the present invention 
illustrated in Fig. 1. The maleic anhydride production 
system illustrated in Fig. 2 is largely the same as the 
maleic anhydride production system illustrated in Fig. 1 so 
except that a gas/liquid contact zone is additionally 
incorporated in the system. In the system illustrated in 
Fig. 2, a source of a gaseous hydrocarbon having at 
least four carbon atoms in a straight chain flows through 
a hydrocarbon feed line 29 to a first mixing zone 31 . A 55 
liquid phosphorus-containing agent is introduced into 
first mixing zone 31 to form a first phosphorus-bearing 
hydrocarbon feed stream. The first phosphorus-bearing 
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hydrocarbon feed stream flo^^flrough a first conduit 
33 to a gas/liquid contact zone 35 to form a second 
phosphorus-bearing hydrocarbon feed stream. 
[0035] The second phosphorus-bearing hydrocar- 
bon feed stream then flows through a second conduit 37 
to an oxygen mixing zone 39 where the second phos- 
phorus-bearing hydrocarbon feed stream is mixed with 
molecular oxygen or a molecular oxygen-containing gas 
to form a reactor feed gas. The reactor feed gas flows 
from oxygen mixing zone 39 to tubular reactor 41 where 
it undergoes partial catalytic oxidation to maleic anhy- 
dride. 

[0036] The gas/liquid contact zone comprises a 
means for promoting interfacial contact between the liq- 
uid phosphorus-containing agent and the gaseous feed 
stream such as a means for reducing the avenge size of 
the liquid droplets entrained in the gaseous hydrocar- 
bon feed by providing a surface area for impingement of 
the droplets, a means for promoting the uniform distribu- 
tion of the liquid phosphorus-containing agent in the 
gaseous feed stream, and/or a means for promoting the 
vaporization of phosphorus-containing agent in the gas- 
eous feed stream. More particularly, the means com- 
prises a means selected, for example, from the group 
consisting of filter media, static mixers, pipe fittings and 
turbulence-inducing flow devices. The means preferably 
comprises a filter medium. Disposible and/or cartridge- 
type filter media, such as but not limited to pleated 
paper filters and wound fiber filters, are acceptable. 
When the means comprises a filter medium, the phos- 
phorus-containing agent preferably is introduced 
upstream of the filter medium or is injected directly into 
the filter medium. 

[0037] In another embodiment, therefore, a liquid 
phosphorus-containing agent is introduced into a gase- 
ous feed stream comprising the hydrocarbon in a first 
mixing zone upstream of a gas/liquid contact zone to 
produce a phosphorus-bearing hydrocarbon feed 
stream. The gas/liquid contact zone comprises a means 
for promoting interfacial contact between the liquid 
phosphorus-containing agent and the hydrocarbon feed 
gas. The phosphorus-bearing hydrocarbon feed stream 
is combined with molecular oxygen or a molecular oxy- 
gen-containing gas downstream of the gas/liquid con- 
tact zone to form a reactor feed stream. The 
hydrocarbon is reacted with the molecular oxygen in the 
reactor to produce a reaction product comprising maleic 
anhydride. 

[0038] In still another embodiment, a liquid phos- 
phorus-containing agent is introduced into a gaseous 
feed stream comprising the hydrocarbon in a first mixing 
zone upstream of a gas/liquid contact zone to produce a 
phosphorus-bearing hydrocarbon feed stream. The 
gas/liquid contact zone comprises a means for promot- 
ing interfacial contact between the liquid phosphorus- 
containing agent and the hydrocarbon feed gas. The 
phosphorus-bearing hydrocarbon feed stream is com- 
bined with molecular oxygen or a molecular oxygen- 
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containing gas downstre^^B the gas/liquid contact 
zone to form a reactorfeeo^tream. The introduction of 
the phosphorus-containing agent into the hydrocarbon 
feed stream is controlled such that the residence time of 
the phosphorus-containing agent m the phosphorus- 5 
bearing hydrocarbon feed stream between the first mix- 
ing zone and the second mixing zone is greater than 
one second. The hydrocarbon is reacted with the 
molecular oxygen in the reactor to produce a reaction 
product comprising maleic anhydride. 70 
[0039] In still another embodiment, a liquid phos- 
phorus-containing agent is introduced into a gaseous 
feed stream comprising the hydrocarbon in a first mixing 
zone upstream of a filter medium through which the 
hydrocarbon feed stream is passed to provide a phos- 15 
phorus-bearing hydrocarbon feed stream. The phos- 
phorus-bearing hydrocarbon feed stream is combined 
with molecular oxygen or a molecular oxygen-contain- 
ing gas in an oxygen mixing zone downstream of the fil- 
ter medium. The hydrocarbon is reacted with the 20 
molecular oxygen in the reactor to produce a reaction 
product comprising maleic anhydride. 
[0040] In still another embodiment, a liquid phos- 
phorus-containing agent is introduced into a gaseous 
feed stream comprising the hydrocarbon in a first mixing 25 
zone upstream of a filter medium through which the 
hydrocarbon feed stream is passed to provide a phos- 
phorus-bearing hydrocarbon feed stream. The phos- 
phorus-bearing hydrocarbon feed stream is combined 
with molecular oxygen or a molecular oxygen-contain- 30 
ing gas in an oxygen mixing zone downstream of the fil- 
ter medium. The residence time of the phosphorus- 
bearing hydrocarbon feed stream between the first mix- 
ing zone and the oxygen mixing zone is greater than 
one second. The hydrocarbon is reacted with the 35 
molecular oxygen in the reactor to produce a reaction 
product comprising maleic anhydride. 
[0041] For phosphorus-containing agents that 
remain substantially in liquid form prior to entering the 
reactor, the introduction of the phosphorus-containing 40 
agent into the hydrocarbon feed stream preferably is 
controlled such that the phosphorus-containing agent is 
substantially uniformly radially distributed in the reactor 
feed stream before the reactor feed stream enters the 
catalyst bed. In addition, the introduction of the phos- 45 
phorus-containing agent into the hydrocarbon feed 
stream preferably is controlled such that the average 
particle size of the phosphorus-containing agent in the 
reactor feed stream is less than about 10 n, preferably 
less than about 5 u,, and still more preferably between so 
about 1 \i\o 5 u.. 

[0042J In one embodiment, therefore, a phospho- 
rus-containing agent is introduced into a gaseous feed 
stream comprising the hydrocarbon in a first mixing 
zone to provide a phosphorus-bearing hydrocarbon 55 
feed stream. The phosphorus-bearing feed stream 
passes through a filter medium that intercepts the liquid 
phosphorus-containing agent and distributes it within 



the medium laterally a^Ks the flow path of the hydro- 
carbon feed stream, thereby dispersing the phospho- 
rus-containing agent to promote uniform radial 
distribution of the liquid phosphorus-containing agent 
within the phosphorus-bearing hydrocarbon stream as 
the liquid is re-entrained therein from the filter medium. 
The phosphorus-bearing hydrocarbon feed stream is 
combined with molecular oxygen or a molecular oxy- 
gen-containing gas in an oxygen mixing zone down- 
stream of said filter medium. The hydrocarbon is 
reacted with the molecular oxygen in the reactor to pro- 
duce a reaction product comprising maleic anhydride. 
[0043] The liquid phosphorus-containing agent can 
be re-entrained in droplets presenting a high surface 
area effective to promote the vaporization of the drop- 
lets of the phosphorus-containing agent in the gas 
stream upon mixing with the oxygen-containing gas. 
The average particle size of such re-entrained droplets 
typically ranges between about 1 to about 5 \i. The filter 
medium generally comprises a porous medium having 
an average pore size of between about 1 and about 1 0 
jul, preferably between about 1 and about 5 u., and pref- 
erably extends substantially across the entire flow path 
of the phosphorus-bearing hydrocarbon feed stream. 
[0044] In still another embodiment, a phosphorus- 
containing agent is introduced into a gaseous feed 
stream comprising the hydrocarbon in a first mixing 
zone to provide a phosphorus-bearing hydrocarbon 
feed stream. The phosphorus-bearing feed, stream is 
passed through a conduit comprising a flow restriction 
comprising means for dispersing the phosphorus-con- 
taining agent to promote uniform radial distribution of 
the phosphorus-containing agent within the phospho- 
rus-bearing hydrocarbon stream. The phosphorus- 
bearing hydrocarbon feed stream is combined with 
molecular oxygen or a molecular oxygen-containing gas 
in an oxygen mixing zone downstream of said flow 
restriction comprising means. The hydrocarbon is 
reacted with the molecular oxygen in the reactor to pro- 
duce a reaction product comprising maleic anhydride. 
[0045] The flow restriction comprising means pref- 
erably comprises a gas/liquid contact zone comprising a 
means effective to promote interfacial contact between 
the liquid phosphorus-containing agent and the hydro- 
carbon gas. The passage of the phosphorus-bearing 
hydrocarbon feed stream through the gas/liquid contact 
zone preferably reduces the particle size of the liquid 
droplets of the phosphorus-containing agent dispersed 
in the gaseous hydrocarbon, particularly to a size effec- 
tive to promote vaporization of the liquid phosphorus- 
containing agent after the phosphorus-bearing hydro- 
carbon stream is mixed with the molecular oxygen or 
oxygen-containing gas. The gas/liquid contact zone can 
comprise, for example, impingement surfaces for the liq- 
uid droplets and/or a means for promoting vaporization 
of the droplets and can be selected, for example, from 
the group consisting of a filter medium, a static mixer, a 
pipe fitting and a turbulence inducing flow device. 
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[0046] In the various embodirfl^f of the invention, 
a minimum residence time of the phosphorus-contain- 
ing agent in the phosphorus-bearing hydrocarbon feed 
stream prior to the combination of the phosphorus-bear- 
ing hydrocarbon feed stream with the molecular oxygen 5 
or molecular oxygen-containing gas is not required so 
long as the gas/liquid contact zone, dispersing means, 
filter medium or the like causes or contributes to the 
phosphorus-containing agent being substantially vapor- 
ized and/or substantially uniformly distributed in the w 
reactor feed stream before the reactor feed stream 
enters the catalyst bed. Preferably, however, a minimum 
residence time is provided in combination with a gas/liq- 
uid contact zone, dispersing means, filter medium or the 
like. The residence time of the phosphorus-containing 15 
agent in the phosphorus-bearing hydrocarbon feed 
stream prior to the combination of the phosphorus-bear- 
ing hydrocarbon feed stream with the molecular oxygen 
or molecular oxygen-containing gas preferably is 
greater than about three seconds, more preferably 20 
greater than about five seconds, and still more prefera- 
bly greater than about eight seconds. Still more prefera- 
bly, the residence time of the phosphorus-containing 
agent in the hydrocarbon feed stream prior to the com- 
bination of the phosphorus-bearing hydrocarbon feed 2 5 
stream with the molecular oxygen or molecular oxygen- 
containing gas is between about two seconds to about 
90 seconds, preferably between about four seconds to 
about 30 seconds, more preferably between about six 
seconds to about 25 seconds, and still more preferably 30 
between about eight seconds to about 15 seconds. 
[0047] The phosphorus-containing agent can be 
introduced by any suitable method. Methods providing 
greater dispersion of the phosphorus-containing agent 
in the hydrocarbon feed stream during the introduction 35 
of the agent, however, are preferred. The phosphorus- 
containing agent can be introduced into the hydrocar- 
bon feed stream, for example, through a tube inserted 
into the hydrocarbon feed stream, wherein the tube 
comprises a fritted tip through which the phosphorus- 40 
containing agent exits the tube. In this example, the 
phosphorus-containing agent preferably is introduced 
into the hydrocarbon feed stream through a tube 
inserted into the hydrocarbon feed stream substantially 
perpendicular to the direction of the flow of the hydro- 45 
carbon feed stream, wherein the tube comprises a frit- 
ted tip through which the phosphorus-containing agent 
exits the tube. 

[0048] The temperature of the hydrocarbon feed 
stream will depend upon the specific hydrocarbon so 
selected. When the hydrocarbon is n-butane, the n- 
butane feed stream preferably is maintained at a tem- 
perature of at least about 70°C, preferably between 
about 70°C to about 110°C, and more preferably 
between about 85°C to about 95°C. The phosphorus- 55 
containing agent preferably is preheated before it is 
introduced into the hydrocarbon feed stream. While the 
phosphorus-containing agent can be at ambient tem- 



perature when introduced hydrocarbon feed 

stream, it preferably is preheated to a temperature no 
cooler than about 20°C below, still more preferably no 
cooler than 10°C below, the temperature of the hydro- 
carbon feed stream before it is introduced into the 
hydrocarbon feed stream. In one embodiment of the 
invention, the feed line carrying the phosphorus-con- 
taining agent is adjacent to, or wrapped around, the 
hydrocarbon feed line for an appropriate distance prior 
to introducing the agent into the hydrocarbon feed 
stream in order to elevate the temperature of the agent. 
In other embodiments, preheating is carried out, for 
example, using steam tracing or any other suitable 
method. 

[0049] Similarly, each of the embodiments dis- 
closed in the instant application can be further modified 
by introducing an additional amount of phosphorus-con- 
taining agent into the phosphorus-bearing hydrocarbon 
feed stream downstream from where a first amount of 
the phosphorus-containing agent is introduced into the 
hydrocarbon feed stream. The precise point in the proc- 
ess where the additional phosphorus-containing agent 
is introduced can vary. The additional phosphorus-con- 
taining agent may be introduced, for example, between 
the first mixing zone and the oxygen mixing zone, 
between the first mixing zone and the gas/liquid contact 
zone, or between the gas/liquid contact zone and the 
oxygen mixing zone. The additional phosphorus-con- 
taining agent preferably is introduced no later than 
immediately before the oxygen mixing zone. In embodi- 
ments employing divided process streams and a plural- 
ity of catalytic reactors, such as in the scheme depicted 
in Fig. 3 discussed below, the additional phosphorus- 
containing agent may be introduced, if desirable, into 
each divided phosphorus-containing hydrocarbon 
stream prior to the oxygen mixing zone for each sepa- 
rate reactor. This approach permits individual adjust- 
ment of the rate at which the phosphorus-containing 
agent is introduced to form the individual reactor feed 
streams for the various separate catalytic reactors 
employed. The phosphorus-containing agent is intro- 
duced at a first rate before the process stream is divided 
to provide a minimum concentration of the phosphorus- 
containing agent Additional phosphorus-containing 
agent is introduced at a second rate after the process 
stream is divided to account for the individual character- 
istics of each separate reactor. In this manner, differ- 
ences in the catalyst employed, the selectivity and 
activity of the catalyst and other operational differences 
for each reactor can be taken into account and the con- 
centration of phosphorus-containing agent in the reac- 
tor feed gas adjusted to the target or optimum value for 
that reactor. Where additional phosphorus-containing 
agent is introduced downstream from the point in the 
process where the phosphorus-containing agent is first 
introduced, the ratio of the first rate of addition of the 
phosphorus-containing compound to the second rate of 
addition of the phosphorus-containing agent preferably 
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is at least about 2:1 , mord^^rably at least about 3:1 , 
and still more preferably at least about 4:1 . 
[0050] In one embodiment, therefore, a phospho- 
rus-containing agent is introduced into a feed stream 
comprising the hydrocarbon in a first mixing zone at a 5 
first rate to provide a first phosphorus-bearing hydrocar- 
bon feed stream. The first phosphorus-bearing hydro- 
carbon feed stream passes through a first conduit to a 
second mixing zone. Additional phosphorus-containing 
agent is introduced into the first phosphorus-bearing io 
hydrocarbon feed stream in a second mixing zone at a 
second rate to provide a second phosphorus-bearing 
hydrocarbon feed stream. The second phosphorus- 
bearing hydrocarbon feed stream passes through a 
second conduit to an oxygen mixing zone and where it 75 
is mixed with molecular oxygen or a molecular oxygen- 
containing gas in the oxygen mixing zone to form a 
reactor feed stream. The sum of the residence time of 
the first phosphorus-bearing hydrocarbon feed stream 
between the first mixing zone and the second mixing 20 
zone and the residence time of the second phosphorus- 
bearing hydrocarbon feed stream between the second 
mixing zone and the oxygen mixing zone is greater than 
one second. The hydrocarbon is reacted with the 
molecular oxygen in the reactor to produce a reaction 25 
product comprising maleic anhydride. 
[0051] Fig. 3 illustrates still another alternative 
embodiment of the process and apparatus of the 
present invention wherein a hydrocarbon feed stream 
comprising the phosphorus-containing agent is divided 30 
and directed to a plurality of maleic anhydride catalytic 
reactors. The maleic anhydride production system illus- 
trated in Fig. 3 is similar to the maleic anhydride produc- 
tion system illustrated in Fig. 1 except that the 
phosphorus-bearing hydrocarbon stream is divided into 35 
a plurality of divided phosphorus-bearing hydrocarbon 
feed streams prior to reaching oxygen mixing zone 33 
shown in Fig. 1 and an additional mixing zone wherein 
additional phosphorus-containing agent is introduced 
into each divided stream is incorporated in the scheme. 40 
In Fig. 3 two divided streams (a first reactor hydrocar- 
bon feed stream and a second reactor hydrocarbon 
feed stream) are shown for purposes of illustrating this 
embodiment although additional divided streams are 
possible. 45 
[0052] A first reactor hydrocarbon feed stream flows 
through a first reactor hydrocarbon feed line 43 to a first 
reactor mixing zone 45 where additional phosphorus- 
containing compound is optionally introduced into the 
first reactor hydrocarbon feed stream at a first reactor so 
rate to form a first reactor phosphorus-bearing hydro- 
carbon feed stream. The first reactor phosphorus-bear- 
ing hydrocarbon feed stream then flows to a first reactor 
oxygen mixing zone 47 and is mixed with molecular oxy- 
gen or a molecular oxygen-containing gas to form a first 55 
reactor feed gas. The first reactor feed gas flows from 
first reactor oxygen mixing zone 47 to a first tubular 
reactor 49 where it undergoes partial catalytic oxidation 



to maleic anhydride. 
[0053] Similarly, a second reactor hydrocarbon 
stream flows through a second reactor hydrocarbon 
feed line 51 to a second reactor mixing zone 53 where 
additional phosphorus-containing compound is option- 
ally introduced into the second reactor hydrocarbon 
feed stream at a second reactor rate to form a second 
reactor phosphorus-bearing hydrocarbon feed stream. 
The second reactor phosphorus-bearing hydrocarbon 
feed stream then flows to a second reactor oxygen mix- 
ing zone 55 and is mixed with molecular oxygen or a 
molecular oxygen-containing gas to form a second 
reactor feed gas. The second reactor feed gas flows 
from second reactor oxygen mixing zone 55 to a second 
tubular reactor 57 where it undergoes partial catalytic 
oxidation to maleic anhydride. 
[0054] The rate at which phosphorus-containing 
agent is introduced to each of the mixing zones is con- 
trolled by one or more controller means 59 that receive 
information from flow measurement means 61, 63 and 
65. Controller means 59 preferably is a PID-type con- 
troller. Flow measurement means 61 measures the flow 
rate of the hydrocarbon feed stream before division of 
that stream. Flow measurement means 63 measures 
the flow rate of the oxygen or oxygen-containing feed 
stream that is introduced into the first reactor oxygen 
mixing zone. Flow measurement means 65 measures 
the flow rate of the oxygen or oxygen-containing feed 
stream that is introduced into the second reactor oxy- 
gen mixing zone. Set-points corresponding to the target 
concentration of the phosphorus-containing agent in the 
first reactor feed stream and the target concentration of 
the phosphorus-containing agent in the second reactor 
feed stream are inputted to controller means 59. These 
set-points typically are determined by the operator or a 
supervisory computer based on an evaluation of, for 
example, maleic anhydride yield, hot spot temperature 
and other parameters specific to each reactor. A set- 
point corresponding to a target ratio of phosphorus-con- 
taining agent introduced in the first mixing zone (before 
the streams are divided) to total phosphorus-containing 
agent introduced in the overall system is then inputted 
to controller means 59. 

[0055] In operation controller means 59 receives 
hydrocarbon and oxygen flow information from flow 
measurement means 61, 63 and 65 and then (1) calcu- 
lates the rate (as a function of the measured flow rates) 
at which the phosphorus-containing agent must be 
introduced to reach the lower of the two concentration 
set-points for the first reactor feed stream and the sec- 
ond reactor feed stream, and (2) reduces this calculated 
rate in accordance with the ratio set-point to determine 
the first rate for the phosphorus-containing agent to be 
introduced to the first mixing zone. Controller means 59 
then regulates the introduction of the phosphorus-con- 
taining agent into the first mixing zone in accordance 
with the calculated first rate. 

[0056] Controller means 59 then calculates the rate 
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(as a function of the hydrocarbon S^Ecygen flow rates) 
at which additional phosphorus-containing agent must 
be introduced into the first reactor hydrocarbon feed 
stream to reach the concentration set-point specified for 
the first reactor feed stream. Similarly, controller means 5 
59 then calculates the rate (as a function of the hydro- 
carbon and oxygen flow rates) at which additional phos- 
phorus-containing agent must be introduced into the 
second reactor hydrocarbon feed stream to reach the 
concentration set-point specified for the second reactor 10 
feed stream. Controller means 59 then regulates the 
introduction of the phosphorus-containing agent into the 
first reactor mixing zone and the second reactor mixing 
zone in accordance with the calculated first reactor rate 
and second reactor rate, as appropriate. 75 
[0057] One skilled in the art will appreciate that the 
scheme depicted in Fig. 3 can be successfully modified 
by dividing the reactor feed stream into a plurality of 
reactor feed streams that are introduced into separate 
catalytic reactors instead of dividing the phosphorus- 20 
bearing hydrocarbon stream as shown in Fig. 3. The 
divided reactor feed streams can, but need not, have 
equivalent flow volumes. These flow volumes can be 
adjusted to account for differences in the capacity in the 
reactors employed. 25 
[0058] In one embodiment, therefore, a supply of 
phosphorus-containing agent is divided between a pri- 
mary supply for delivery to a primary mixing zone and a 
secondary supply for delivery to a secondary mixing 
zone downstream of said primary mixing zone with 30 
respect to the flow of hydrocarbon gas to said reactor. 
The rate of flow of hydrocarbon gas entering the primary 
mixing zone is measured. The primary supply of phos- 
phorus-containing agent is introduced into the hydrocar- 
bon gas in the primary mixing zone to provide a primary 35 
phosphorus-bearing hydrocarbon stream. The rate at 
which the primary supply of phosphorus-containing 
agent is introduced into the primary mixing zone is con- 
trolled based on the measured hydrocarbon gas flow 
rate to provide a predetermined minimum concentration 40 
of the phosphorus-containing agent in the primary 
phosphorus-bearing hydrocarbon stream exiting the pri- 
mary mixing zone. 

[0059] The secondary supply of phosphorus-con- 
taining agent is introduced into the primary phosphorus- 45 
bearing hydrocarbon stream in the secondary mixing 
zone to produce an adjusted phosphorus-bearing 
hydrocarbon stream. The rate at which the secondary 
supply of said phosphorus-containing agent is intro- 
duced into the secondary mixing zone is controlled to so 
provide a total concentration of phosphorus-containing 
agent in said adjusted phosphorus-bearing hydrocar- 
bon stream corresponding to a predetermined concen- 
tration having a hydrocarbon to phosphorus-containing 
compound ratio effective to provide a target concentra- 55 
tion of phosphorus in said reactor feed gas entering said 
catalyst bed. The adjusted phosphorus-bearing hydro- 
carbon feed stream is mixed with an oxygen-containing 



gas to provide the reactor f^^Prearn. The hydrocar- 
bon is reacted with the molecular oxygen in the reactor 
to produce a reaction product comprising maleic anhy- 
dride. 

[0060] The phosphorus-bearing hydrocarbon 
stream exiting the primary mixing zone and the second- 
ary supply of the phosphorus-containing agent can 
each be divided into a plurality of secondary streams for 
separate supply to a plurality of secondary mixing zones 
downstream of the primary mixing zone, and the 
adjusted phosphorus-bearing hydrocarbon feed stream 
exiting each of the secondary mixing zones can be 
delivered to a corresponding reactor of a plurality of 
reactors each supplied from a separate secondary mix- 
ing zone. The concentration of phosphorus-containing 
agent in the phosphorus-bearing hydrocarbon stream 
exiting the primary mixing zone preferably is equal to or 
lower than a predetermined concentration having a 
hydrocarbon to phosphorus-containing compound ratio 
effective to provide the lowest of the target concentra- 
tions of phosphorus in the reactor feed gases respec- 
tively entering the catalyst beds of said plurality of 
reactors. Still more preferably, the rate of introduction of 
the phosphorus-containing compound into each of the 
plurality of secondary mixing zones is controlled to pro- 
vide a predetermined concentration having a hydrocar- 
bon to phosphorus-containing compound ratio effective 
to provide a target concentration of phosphorus in the 
reactor feed gas entering the catalyst bed to which the 
stream exiting such secondary mixing zone is directed. 
[0061] In still another embodiment, a supply of 
phosphorus-containing agent is divided between a pri- 
mary supply for delivery to a primary mixing zone and a 
secondary supply for delivery to a secondary mixing 
zone downstream of the primary mixing zone with 
respect to the flow of hydrocarbon gas to the reactor. 
The rate of flow of hydrocarbon gas entering the primary 
mixing zone is measured. The primary supply of the 
phosphorus-containing agent is introduced into the 
hydrocarbon gas in the primary mixing zone to provide 
a primary phosphorus-bearing hydrocarbon stream. 
The rate at which the primary supply of the phosphorus- 
containing agent is introduced into the primary mixing 
zone is controlled based on the measured hydrocarbon 
gas flow to provide a predetermined minimum concen- 
tration of the phosphorus-containing agent in the pri- 
mary phosphorus-bearing hydrocarbon stream exiting 
the primary mixing zone. 

[0062] The secondary supply of the phosphorus- 
containing agent and another stream comprising the 
primary phosphorus bearing hydrocarbon stream are 
introduced into the secondary mixing zone to produce 
an adjusted phosphorus-bearing stream. The rate of 
introduction of the secondary supply of the phosphorus- 
containing agent into the secondary mixing zone is con- 
trolled to provide a total concentration of phosphorus- 
containing agent in the adjusted phosphorus-bearing 
hydrocarbon stream corresponding to a predetermined 
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concentration having a ^^Barbon to phosphorus- 
containing compound ratio^ractive to provide a target 
concentration of phosphorus in the reactor feed gas 
entering the catalyst bed. 

[0063J The primary phosphorus-bearing hydrocar- 5 
bon stream preferably is mixed with phosphorus-con- 
taining agent introduced into the secondary mixing 
zone. Still more preferably, the primary phosphorus- 
bearing hydrocarbon stream is mixed with an oxygen 
containing gas to produce a pre-adjusted reactor feed 10 
gas with the pre-adjusted reactor feed gas being mixed 
with phosphorus-containing agent introduced into the 
secondary mixing zone to produce an adjusted reactor 
feed stream. 

[0064] In still another embodiment, involving the is 
operation of a plurality of catalytic reactors for preparing 
maleic anhydride by reacting a hydrocarbon having at 
least four carbon atoms in a straight chain with molecu- 
lar oxygen, each reactor comprising a fixed catalyst bed 
having active sites comprising a vanadium-phosphorus- 20 
oxygen catalyst for the catalytic oxidation of the hydro- 
carbon to maleic anhydride, the improved process is 
directed to controlling the continuous or intermittent 
introduction of a phosphorus-containing agent into the 
reactor. The flow rate of a feed stream comprising the 25 
hydrocarbon is measured. A first rate of addition of the 
phosphorus-containing agent to be introduced into the 
hydrocarbon feed stream is calculated. The introduction 
of the phosphorus-containing agent into the hydrocar- 
bon feed stream is controlled in accordance with the 30 
calculated first rate of addition. The first rate of addition 
corresponds to a minimum predetermined rate of addi- 
tion of the phosphorus-containing agent as a function of 
the measured flow rate of the hydrocarbon feed stream. 
The phosphorus-containing agent is introduced into the 35 
hydrocarbon feed stream in a first mixing zone to pro- 
vide a primary phosphorus-bearing hydrocarbon feed 
stream. The primary phosphorus-bearing hydrocarbon 
feed stream passes through a first conduit to a manifold 
where the primary phosphorus-bearing hydrocarbon 40 
feed stream is divided into a plurality of secondary 
hydrocarbon feed streams passing through a series of 
second conduits to a series of second mixing zones. 
[0065] A second rate of addition of the phosphorus- 
containing agent to be optionally introduced into each as 
secondary hydrocarbon feed stream is calculated. The 
introduction of the phosphorus-containing agent into 
each secondary hydrocarbon feed stream is controlled 
in accordance with each corresponding calculated sec- 
ond rate of addition. The second rate of addition of the so 
phosphorus-containing agent introduced into each sec- 
ondary hydrocarbon feed stream is independent of the 
second rate of addition of the phosphorus-containing 
agent introduced into each of the other secondary 
hydrocarbon feed streams. The second rate of addition 55 
is calculated for each secondary hydrocarbon feed 
stream as a function of the measured flow rate of the 
hydrocarbon feed stream and corresponds to a final tar- 



20 



get rate of addition ot^^^phorus-containing agent for 
the reactor into which the secondary reactor feed 
stream is to be introduced as reduced to account for the 
portion of the phosphorus-containing agent previously 
introduced in the first mixing zone that is contained in 
the secondary reactor feed stream. The phosphorus- 
containing agent is optionally introduced into each sec- 
ondary hydrocarbon feed stream in each second mixing 
zone to provide a plurality of secondary phosphorus- 
bearing hydrocarbon feed streams. Each secondary 
phosphorus-bearing hydrocarbon feed stream is mixed 
with molecular oxygen or a molecular oxygen -contain- 
ing gas in an oxygen mixing zone to produce a plurality 
of secondary reactor feed streams that are introduced 
into separate catalytic reactors. The sum of the resi- 
dence time of the primary phosphorus-bearing hydro- 
carbon feed stream between the first mixing zone and 
the manifold, the residence time of the secondary 
hydrocarbon feed stream between the manifold and the 
second mixing zone, and the residence time of the sec- 
ondary phosphorus-bearing hydrocarbon feed stream 
between the second mixing zone and the oxygen mixing 
zone is greater than one second. The hydrocarbon is 
reacted with the molecular oxygen in each catalytic 
reactorto produce a reaction product comprising maleic 
anhydride. 

[0066] In still another embodiment, the flow rate of a 
feed stream comprising the hydrocarbon is measured. A 
first rate of addition of phosphorus-containing agent to 
be introduced into the hydrocarbon feed stream is cal- 
culated. The introduction of the phosphorus-containing 
agent into the hydrocarbon feed stream is controlled in 
accordance with the calculated first rate of addition. The 
first rate of addition corresponds to a minimum prede- 
termined rate of addition of the phosphorus-containing 
agent as a function of the measured flow rate of the 
hydrocarbon feed stream. The phosphorus-containing 
agent is introduced into the hydrocarbon feed stream in 
a first mixing zone to provide a first phosphorus-bearing 
hydrocarbon feed stream. The first phosphorus-bearing 
hydrocarbon feed stream passes through a first conduit 
to a second mixing zone. 

[0067] A second rate of addition of phosphorus- 
containing agent to be optionally introduced into the first 
phosphorus-bearing hydrocarbon feed stream is calcu- 
lated. The introduction of the phosphorus-containing 
agent into the first phosphorus-bearing hydrocarbon 
feed stream is controlled in accordance with the calcu- 
lated rate of addition. The second rate of addition is cal- 
culated as a function of the measured flow rate of the 
hydrocarbon feed stream and corresponds to a final tar- 
get rate of addition of phosphorus-containing agent for 
the reactor as reduced to account for the phosphorus- 
containing agent previously introduced in the first mix- 
ing zone. The phosphorus-containing agent is intro- 
duced into the first phosphorus-bearing hydrocarbon 
feed stream in the second mixing zone to provide a sec- 
ond phosphorus-bearing hydrocarbon feed stream. The 
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second phosphorus-bearing hydraMPbon feed stream 
is combined with molecular oxygen or a molecular oxy- 
gen-containing gas in an oxygen mixing zone to form a 
reactor feed stream. The sum of the residence time of 
the first phosphorus-bearing hydrocarbon feed stream 
between the first mixing zone and the second mixing 
zone and the residence time of the second phosphorus- 
bearing hydrocarbon feed stream between the second 
mixing zone and the oxygen mixing zone is greater than 
one second. The hydrocarbon is reacted with the 
molecular oxygen in the reactor to produce a reaction 
product comprising maleic anhydride. 
[0068] Each of the embodiments discussed above 
with respect to Fig. 3 can be further modified to incorpo- 
rate one or more gas/liquid contact zones in the same 
manner as discussed for the scheme of Fig. 2 at a posi- 
tion or positions between the first mixing zone and the 
diverted mixing zones. 

[0069] The catalytic reactors that may be employed 
in accordance with the present invention broadly 
encompass any reactor that may be employed to con- 
vert hydrocarbons having at least four carbon atoms in 
a straight chain to maleic anhydride. A typically satisfac- 
tory reactor is a heat transfer medium-cooled fixed bed 
tube-type reactor. The details of operation of such reac- 
tors are well known to those skilled in the art. The tubes 
of such reactors can be constructed of iron, stainless 
steel, carbon steel, nickel, glass, such as Vycor, and the 
like. The tubes can vary in diameter from about 0.63 5 
cm (0.25 in.) to about 3.81 cm (1.50 in.), and in length 
from about 15.24 (6 in.) to about 609.60 cm (20 ft). The 
oxidation reaction is highly exothermic and once the 
reaction is underway, in order to maintain the desired 
reaction zone temperature, a heat transfer medium is 
necessary to conduct heat away from the reaction zone. 
Suitable heat transfer media are well known to those 
skilled in the art and, in general, are materials that 
remain in the liquid state at process temperatures and 
have a relatively high thermal conductivity. Examples of 
useful media include various heat transfer oils, molten 
sulfur, mercury, molten lead, and salts such as nitrates 
and nitrites of alkali metals, the salts being preferred 
due to their high boiling points. A particularly preferred 
heat transfer medium is a eutectic mixture of potassium 
nitrate, sodium nitrate and sodium nitrite which not only 
has a desirably high boiling point, but also, a sufficiently 
low freezing point that it remains in a liquid state even 
during periods of reaction zone shutdown. An additional 
method of temperature control is to use a metal block 
reactor whereby the metal surrounding the reaction 
zone acts as a temperature regulating body or by con- 
ventional heat exchangers. 

[0070] In general, operations in accordance with 
the instant invention involve charging a mixture of 
hydrocarbon having at least four carbon atoms in a 
straight chain with a molecular oxygen-containing gas 
(including molecular oxygen), such as air, to a heat 
transfer medium-cooled reaction zone packed with the 



catalyst and contacting the ^^fst with the hydrocar- 
bon-molecular oxygen-containing gas mixture to pro- 
duce a reaction product gas containing maleic 
anhydride. 

5 [0071 ] Reaction temperature typically is maintained 
at about 300°C to about 600°C, and preferably about 
325°C to about 500°C. The temperature of the reactor 
will depend to some extent, for example, upon the type 
of the reactor and the concentrations of the hydrocar- 

w bon and the phosphorus-containing agent in the reactor 
feed stream. The cooling bath for the reactor typically is 
maintained at a lower temperature that is sufficient to 
maintain the reaction temperature within the desired 
range. 

is [0072] Reaction pressure is not narrowly critical. 
The reaction may be conducted at atmospheric, super- 
atmospheric or subatmospheric pressures. It generally 
will be preferred, however, for practical reasons, to con- 
duct the reaction at or near atmospheric pressure. Typi- 

20 cally, pressures of from about 14.7 psig to about 50.0 
psig, more preferably about 16.0 psig to about 30.0 
psig, and still more preferably about 18.0 psig to about 
28.0 psig may be conveniently employed. The exit pres- 
sure will be at least slightly higher than ambient pres- 

25 sure to ensure a positive flow from the reactor. The 
pressure of the inert gases must be sufficiently higher to 
overcome the pressure drop through the reactor. 
[0073] Hydrocarbon concentrations in the reactor 
feed stream typically range from about 1 mole percent 

30 to about 10 mole percent, preferably about 1.5 mole 
percent to about 5 mole percent. 
[0074] The temperature of the molecular oxygen or 
molecular oxygen-containing gas that is mixed with the 
hydrocarbon typically is at least about 120°C, and pref- 

35 erably ranges from about 120°C to about 200°C, more 
preferably from about 130°C to about 180°C, and still 
more preferably from about 140°Cto about 160°C. 
[0075] Gas hourly space velocity ("GHSV") for the 
process typically ranges from about 100 hr" 1 to about 

40 4000 hr' 1 , preferably about 1 000 hr" 1 to about 3000 hr* 1 , 
and more preferably about 1 700 hr" 1 to about 2500 hr" 1 . 
[0076] Catalysts suitable for use in the instant 
invention are those known in the art, and in general, are 
materials capable of catalyzing the vapor phase partial 

45 oxidation of hydrocarbon having at least four carbon 
atoms in a straight chain to maleic anhydride under oxi- 
dation conditions. Examples of useful catalysts include 
a vanadium-phosphorus-oxide catalyst sold by Hunts- 
man Corporation under the trade designation E326 acti- 

50 vated in the manner described and claimed in U.S. 
Patent 5,137,860; a vanadium-phosphorus-oxide cata- 
lyst described and claimed in U.S. Patent 4,632,915 or 
4,670,415 and sold by Huntsman Corporation under the 
trade designation E307; and a modified vanadium- 

55 phosphorus-oxide catalyst sold by Huntsman Corpora- 
tion under the trade designation E326 which is air cal- 
cined and activated in the presence of nitrogen and 
steam; the catalysts disclosed in Andrews et al., U.S. 
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Patent 5,275,996; Mitchel^H, U.S. Patent 5,641 ,722; 
and Mitchell et aL, U.S. ?Sen\ 5,773,382 (particularly 
those catalysts sold by Huntsman Corporation under 
the trade designation E400); and the catalysts disclosed 
in U.S. Patent Application Serial No. 08/538,005 filed 5 
October 2, 1995; and U.S. Patent Application Serial No. 
08/909,638 filed August 12, 1997 5,773,382 (particu- 
larly those catalysts sold by Huntsman Corporation 
under the trade designation E358). It should be under- 
stood, however, that these examples are not to be con- 7 o 
strued as limiting but instead are for purposes of 
illustration and guidance in the practice of the instant 
invention. In general, the atomic ratio of vanadium to 
phosphorus for these catalysts can suitably be in the 
range of about 0.5:1 to about 1.25:1, preferably in the 75 
range of about 0.95:1 to about 1 .2:1 . Among such cata- 
lysts, preferred catalyst include those catalysts sold by 
Huntsman Corporation under the trade designations 
E400 and E358. 

[0077] In the process of the instant invention, the 20 
catalyst can be employed in one or more fixed beds. 
The size and shape of such fixed bed in not narrowly 
critical. For example, the catalyst can be in the shape of 
a cylinder, either solid or hollow, or any other suitable 
shape. 25 
[0078] Phosphorus-containing agents suitable for 
use in the instant invention are those known in the art, 
and in general, are materials capable of modulating cat- 
alyst activity and/or enhancing selectivity of the catalyst 
when incorporated in the reactor feed stream. Non-lim- 30 
iting examples of useful catalysts are those described in 
U.S. Patent 4,701 ,433, it being understood, however, tat 
the same are not to be construed as limiting but instead 
are for purposes of illustration and guidance in the prac- 
tice of the instant invention. 35 
[0079] Among such phosphorus-containing agents, 
those preferred for use according to the instant inven- 
tion comprise an alkyl ester of orthophosphoric acid or 
an alkyl ester of an orthophosphoric acid derivative. 
Preferably, the phosphorus-containing agent comprises 40 
an alkyl ester of orthophosphoric acid having the follow- 
ing structure: 



y.^^phos 



(RO) 3 P=0 



(I) 



or an alkyl ester of an orthophosphoric acid derivative 
having the following structure: 



45 



(RO) 3 P 



(II) 



50 



wherein R is hydrogen or a C-, to C 4 alkyl, at least one 
R being a Cj to C 4 alkyl. More preferably, the phospho- 
rus-containing agent comprises a compound selected 
from the group consisting of trialkyl phosphates and tri- 
alkyl phosphites. Still more preferably, the phosphorus- 55 
containing agent comprises a compound selected from 
the group consisting of trimethyl phosphate, triethyl 
phosphate, trimethyl phosphite and triethyl phosphite. 



Still more preferably,^^f>hosphorus-containing agent 
is trimethyl phosphate. 

[0080] The phosphorus-containing agent concen- 
tration in the reactor feed stream is preferably at least 
about 1 ppmw, preferably between about 1 ppmw to 
about 20 ppmw, more preferably between about 4 
ppmw to about 17 ppmw, and still more preferably, 
about 7 ppmw to about 1 4 ppmw. The introduction of the 
phosphorus-containing agent can be continuous or 
intermittent, preferably continuous. The rate at which 
the phosphorus-containing agent is introduced into the 
catalytic reactor generally is between about 0.005 g per 
kilogram of total bed catalyst per day to about 5 g per kil- 
ogram of the total catalyst in the bed per day. 
[0081] A large number of hydrocarbons having from 
four to 10 carbon atoms can be converted to maleic 
anhydride in the process of the present invention. It is 
only necessary that the hydrocarbon contain not less 
than four carbon atoms in a straight chain. As an exam- 
ple, the saturated hydrocarbon n-butane is satisfactory, 
but isobutane (2-methyl propane) is not satisfactory for 
conversion to maleic anhydride although its presence is 
not harmful. In addition to n-butane, other suitable satu- 
rated hydrocarbons include the pentanes, the hexanes, 
the heptanes, the octanes, the nonanes, the decanes, 
and mixtures of any of these, with or without n-butane, 
so long as a hydrocarbon chain having at least four car- - 
bon atoms in a straight chain is present in the saturated 
hydrocarbon molecule. 

[0082] Unsaturated hydrocarbons are also suitable 
for conversion to maleic anhydride in accordance with 
the process of the present invention. Suitable unsatu- 
rated hydrocarbons include the butenes (1-butene and 
2-butene), 1 ,3-butadiene, the pentenes, the hexenes, 
the heptenes, the octenes, the nonenes, the decenes 
and mixtures of any of these, again, so long as the req- 
uisite hydrocarbon chain having at least four carbon 
atoms in a straight chain is present in the molecule. 
[0083] Cyclic compounds such a cyclopentane and 
cyclopentene are also satisfactory feed materials for 
conversion to maleic anhydride. 
[0084] Of the aforementioned feedstocks, n-butane 
is the preferred saturated hydrocarbon and the butenes 
are the preferred unsaturated hydrocarbons, with n- 
butane being more preferred. It will be noted that the 
aforementioned feedstocks need not necessarily be 
pure substances, but can be technical grade hydrocar- 
bons. 

[0085] The principal product from the oxidation of 
the aforementioned suitable feed materials is maleic 
anhydride, although small amounts of methyl maleic 
anhydride may also be produced when the feedstock is 
a hydrocarbon containing more than four carbon atoms. 
Maleic anhydride produced in accordance with the proc- 
ess of the present invention can be recovered by any 
means known to those skilled in the art. For example, 
maleic anhydride can be recovered by direct condensa- 
tion or by absorption in suitable media with subsequent 
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separation and purification of the J^pGride. 
[0086] Typical average values for conversion of the 
hydrocarbon feed to the reactor are at least about 60%, 
preferably about 60% to about 90%, more preferably 
about 70% to about 85%, and still more preferably about 5 
80% to about 85%. 

[0087] Typical average values for the established 
initial maleic anhydride yield are at least about 40 mole 
percent, preferably at least about 45 mole percent, and 
more preferably at least about 47 mole percent io 
[0088] In general, the improved process exhibits an 
average yield decay of less than about 0.25% per 
month, preferably less than about 0.15%, and more 
preferably less than about 0.125%. 
[0089] The present invention is illustrated by the fol- 15 
lowing examples which are merely for the purpose of 
illustration and are not to be regarded as limiting the 
scope of the invention or the manner in which it is prac- 
ticed. 

20 

EXAMPLE 1: REDUCTION IN T RIMETHYL PHOS- 
PHATE DEPOSITS 

[0090] A multi-tubular fixed-bed catalytic reactor 
was operated to prepare maleic anhydride from a reac- 25 
tor feed stream comprising n-butane in air. The reactor 
tubes were charged with a phosphorus-vanadium cata- 
lyst. The reactor was operated under the following con- 
ditions: the space velocity of the reactor was maintained 
between about 1000 hour' 1 to about 3000 hour" 1 ; the 30 
concentration of n-butane in the reactor feed stream 
was maintained between 1.5 mole percent to about 5.0 
mole percent; the reactor temperature was maintained 
between about 325°C to about 500°C; and the reactor 
pressure was maintained between about 18 psig to 35 
about 28 psig. To control reactor temperature, liquid tri- 
methyl phosphate was injected into a three inch n- 
butane feed line prior to mixing the n-butane with air to 
form a reactor feed stream. The concentration of trime- 
thyl phosphate in the reactor feed stream was main- 40 
tained at between about 1 ppmwto about 20 ppmw. The 
total residence time of trimethyl phosphate in the n- 
butane feed line and reactor feed stream prior to intro- 
duction into the reactor was less than one second. 
[0091] After 24 months of operation, the reactor 45 
was shut down. Visual inspection of the reactor 
revealed very heavy deposits of trimethyl phosphate or 
trimethyl phosphate decomposition products on the 
reactor inlet head and piping. The reactor was then 
operated for an additional nine months under substan- so 
tially the same conditions as described above. At the 
end of the nine month period, the reactor was shut 
down, cleaned and repacked with phosphorus-vana- 
dium catalyst 

[0092] The repacked reactor was then operated for ss 
an additional 18 months under substantially the same 
conditions as described above. At the end of the 18 
month period, the reactor was shut down. Visual inspec- 



tion of the reactor revealed ^^Vately heavy deposits 
of trimethyl phosphate ortrimetnyl phosphate decompo- 
sition products on the reactor inlet head, piping and rup- 
ture disc housings. The reactor was brought back into 
operation. 

[0093] Approximately two months later, the method 
used to introduce the trimethyl phosphate to the reactor 
was modified. The injection port for the addition of trime- 
thyl phosphate into the n-butane feed line was moved 
further upstream so that a first amount of trimethyl 
phosphate passed through an in-line butane filter. This 
arrangement increased the surface area for impinge- 
ment of non-vaporized trimethyl phosphate droplets and 
thereby operated as a trimethyl phosphate vaporization 
means. The trimethyl phosphate was introduced 
through a sintered metal tip welded to V& inch tubing, 
and inserted into the six inch butane feed line through a 
one inch ball valve and a packing gland designed for 
removal and insertion without shutting down the butane 
flow. A second (and smaller) amount of trimethyl phos- 
phate was introduced downstream of the butane filter to 
further adjust the trimethyl phosphate concentration of 
the reactor feed stream introduced into the reactor. 
Placing the trimethyl phosphate injection port further 
upstream and passing the primary amount of trimethyl 
phosphate through the butane filter increased the resi- 
dence time of the primary amount of trimethyl phos- 
phate in the feed lines prior to introduction into the 
reactor to between about eight seconds to about 13 
seconds. 

[0094] The reactor was operated uader substan- 
tially the same conditions as described above for an 
additional six months after installation of the modified 
trimethyl phosphate injection system. At the end of that 
six month period, the reactor was shut down. Visual 
inspection of the reactor revealed the reactor inlet head, 
piping and rupture disc housings to be substantially dry 
and free of deposits of trimethyl phosphate or trimethyl 
phosphate by-products. In fact, there appeared to be a 
reduction in deposits relative to the prior inspection. 

EXAMPLE 2: REDUCTION IN TRIMETHYL PHOS- 
PHATE DEPOSITS 

[0095] A second multi-tubular fixed-bed catalytic 
reactor similar to the reactor in Example 1 was cleaned 
and the reactor tubes were repacked with phosphorus- 
vanadium catalyst. Before the reactor was brought back 
into operation, the trimethyl phosphate injection system 
was modified in the same manner as provided in Exam- 
ple 1 . The reactor then was operated for 1 8 months 
under conditions substantially similar to those condi- 
tions described in Example 1. At the end of that 18 
month period, the reactor was shutdown. Visual inspec- 
tion of the reactor revealed the reactor inlet head, piping 
and rupture disc housings to be substantially dry and 
free of deposits of trimethyl phosphate or trimethyl 
phosphate by-products. 
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EXAMPLE 3: REDUCTI 
METHYL PHOSPHATE 
STREAM 



CONCEI 



VARIABILITY OF TRI- 
ENTRATION IN FEED 



28 



[0096] For the system comprising the reactor of 5 
Example 1, the concentration of trimethyl phosphate in 
the reactor feed stream introduced into the reactor was 
determined by on-line monitoring of the mass flows of 
the reactor feed stream and trimethyl phosphate feed 
stream followed by mass balance computation using the w 
measured flow values. The concentration of trimethyl 
phosphate in the reactor feed stream was maintained 
within the range from about 1 ppmw to about 20 ppmw. 
Prior to installation of the modified trimethyl phosphate 
injection system as described in Example 1 , a nitrogen is 
pressurized trimethyl phosphate feed tank was used to 
control the flow of trimethyl phosphate from the feed 
tank into the n-butane feed line. After installation of the 
modified trimethyl phosphate injection system, a meter- 
ing pump was used to control the flow of trimethyl phos- 20 
phate from the feed tank to the injection port instead of 
using nitrogen pressure as the motive force for control- 
ling the flow. 

[0097] In general, for the period during which meas- 
urements were taken, the standard deviation of the tri- 25 
methyl phosphate concentration in the reactor feed 
stream decreased from 1 .1 to 0.3 ppm after conversion 
to the metering pump. With the nitrogen pressurized 
feed tank, the level of liquid trimethyl phosphate in the 
feed tank affected the trimethyl phosphate flow from the 30 
tank. Conversion to the metering pump largely elimi- 
nated this source of variability. 

[0098] Figure 1 illustrates the standard deviation of 
trimethyl phosphate concentration in the reactor feed 
stream where the addition was carried out using (1) a 35 
nitrogen pressurized trimethyl phosphate feed tank, and 
(2) a metering pump. The saw-tooth line in the top half 
of Figure 1 shows the level of trimethyl phosphate in the 
trimethyl phosphate feed tank over time. The line in the 
bottom half of Figure 1 shows the corresponding varia- 40 
bility of trimethyl phosphate concentration in the reactor 
feed stream. The lefthand portion of this line corre- 
sponds to the variability of the trimethyl phosphate con- 
centration in the reactor feed stream where the addition 
was carried out using the nitrogen pressurized trimethyl as 
phosphate feed tank. The righthand portion of the line 
corresponds to the variability of the trimethyl phosphate 
concentration in the reactor feed stream where the addi- 
tion was carried out using the metering pump. As shown 
in Figure 1, the variability in trimethyl phosphate con- so 
centration was reduced by about 70% after conversion 
to the metering pump. While the overall avenge of trime- 
thyl phosphate concentration in the feed stream was 
substantially the same for both methods of addition, use 
of the metering pump to reduce variability of concentra- 55 
tion improved the ability to analyze and control other 
operating parameters. 

[0099] Thus, it is apparent that there has been pro- 



vided, in accordance^BFthe instant invention, a proc- 
ess that fully satisfies the objects and advantages set 
forth above. While the invention has been described 
with respect to various embodiments thereof, it is under- 
stood that the invention is not limited thereto and that 
many alternatives, modifications, and variations will be 
apparent to those skilled in the art in light of the forego- 
ing description. All references noted in this application 
are incorporated herein by reference. 
[0100] When introducing elements of the present 
invention or the preferred embodiment(s) thereof, the 
articles "a", "an", "the" and "said" are intended to mean 
that there are one or more of the elements. The terms 
"comprising", "including" and "having" are intended to 
be inclusive and mean that there may be additional ele- 
ments other than the listed elements. 

Claims 

1. A process for the preparation of maleic anhydride 
by reacting a hydrocarbon having at least four car- 
bon atoms in a straight chain with molecular oxygen 
in a catalytic reactor, the reactor comprising a fixed 
catalyst bed having active sites comprising a vana- 
dium-phosphorus-oxygen catalyst for the catalytic 
oxidation of the hydrocarbon to maleic anhydride, 
said process further comprising the continuous or 
intermittent introduction of a phosphorus-contain- 
ing agent to the reactor, an improvement in the 
manner in which the phosphorus-containing agent 
is introduced into the reactor so as to improve the 
distribution of the phosphorus-containing agent 
throughout the reactor, characterised in that the 
process comprises: 

introducing the phosphorus-containing agent 
into a gaseous feed stream comprising the 
hydrocarbon, thereby providing a phosphorus- 
bearing hydrocarbon feed stream, 
combining the phosphorus-bearing hydrocar- 
bon feed stream with molecular oxygen or a 
molecular oxygen -containing gas to form a 
reactor feed stream, and 
reacting the hydrocarbon with molecular oxy- 
gen in the reactor to produce a reaction product 
comprising maleic anhydride, 
wherein the introduction of the phosphorus- 
containing agent into the hydrocarbon feed 
stream is controlled such that the phosphorus- 
containing agent is substantially vaporized 
before the reactor feed stream enters the cata- 
lyst bed. 

2. A process for the preparation of maleic anhydride 
by reacting a hydrocarbon having at least four car- 
bon atoms in a straight chain with molecular oxygen 
in a catalytic reactor, the reactor comprising a fixed 
catalyst bed having active sites comprising a vana- 
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dium-phosphorus-oxygen ca^^^for the catalytic 
oxidation of the hydrocarbon to maleic anhydride, 
said process further comprising the continuous or 
intermittent introduction of a liquid phosphorus-con- 
taining agent to the reactor, an improvement in the 5 
manner in which the phosphorus-containing agent 
is introduced into the reactor so as to improve the 
distribution of the phosphorus-containing agent 
throughout the reactor, characterised in that the 4. 
process comprises: 10 

introducing the phosphorus-containing agent 
into a gaseous feed stream comprising the 
hydrocarbon, thereby providing a phosphorus- 
bearing hydrocarbon feed stream, 15 
combining the phosphorus-bearing hydrocar- 
bon feed stream with molecular oxygen or a 
molecular oxygen-containing gas to form a 
reactor feed stream, and 

reacting the hydrocarbon with molecular oxy- 20 
gen in the reactor to produce a reaction product 
comprising maleic anhydride, 
wherein the introduction of the phosphorus- 
containing agent into the hydrocarbon feed 
stream is controlled such that the phosphorus- 25 
containing agent is substantially uniformly dis- 
tributed throughout the reactor feed stream, 
before the reactor feed stream enters the cata- 
lyst bed. 

30 

A process for the preparation of maleic anhydride 
by reacting a hydrocarbon having at least four car- 
bon atoms in a straight chain with molecular oxygen 
in a catalytic reactor, the reactor comprising a fixed 
catalyst bed having active sites comprising a van a- 35 
dium-phosphorus-oxygen catalyst for the catalytic 
oxidation of the hydrocarbon to maleic anhydride, 
the process further comprising the continuous or 
intermittent introduction of a phosphorus-contain- 
ing agent to the reactor, an improvement in the 40 
manner in which the phosphorus-containing agent 
is introduced into the reactor so as to improve the 
distribution of the phosphorus-containing agent 
throughout the reactor, characterised in that the 5. 
process comprises: 45 

introducing the phosphorus-containing agent 
into a feed stream comprising the hydrocarbon, 6. 
thereby providing a phosphorus-bearing hydro- 
carbon feed stream, 50 
combining the hydrocarbon feed stream with 
molecular oxygen or a molecular oxygen-con- 7. 
taining gas to form a reactor feed stream, and 
reacting the hydrocarbon with molecular oxy- 
gen in the reactor to produce a reaction product 55 
comprising maleic anhydride, 
wherein the introduction of the phosphorus- 
containing agent into the hydrocarbon feed 



stream is controlle^^Bi that the residence 
time of the phosphortffcontaining agent in the 
phosphorus-bearing hydrocarbon feed stream 
prior to the combination of the phosphorus- 
bearing hydrocarbon feed stream with molecu- 
lar oxygen or molecular oxygen-containing gas 
is greater than one second. 

A process for the preparation of maleic anhydride 
by reacting a hydrocarbon having at least four car- 
bon atoms in a straight chain with molecular oxygen 
in a catalytic reactor, the reactor comprising a fixed 
catalyst bed having active sites comprising a vana- 
dium-phosphorus-oxygen catalyst for the catalytic 
oxidation of the hydrocarbon to maleic anhydride, 
the process further comprising the continuous or 
intermittent introduction of a liquid phosphorus-con- 
taining agent to the reactor, an improvement in the 
manner in which the phosphorus-containing agent 
is introduced into the reactor so as to improve the 
distribution of the phosphorus-containing agent 
throughout the reactor, characterised in that the 
process comprises: 

introducing the liquid phosphorus-containing 
agent into a gaseous feed stream comprising 
the hydrocarbon in a first mixing zone upstream 
of a filter medium through which the hydrocar- 
bon feed stream is passed, thereby providing a 
phosphorus-bearing hydrocarbon feed stream, 
combining the phosphorus-bearing hydrocar- 
bon feed stream with molecular oxygen or a 
molecular oxygen-containing gas in an oxygen 
mixing zone downstream of the filter medium, 
and 

reacting the hydrocarbon with molecular oxy- 
gen in the reactorto produce a reaction product 
comprising maleic anhydride, 
the residence time of the phosphorus-bearing 
hydrocarbon feed stream between the first mix- 
ing zone and the oxygen mixing zone being 
greater than one second. 

A process as claimed in either of claims 3 and 4 
wherein the residence time is greater than about 
three seconds. 

A process as claimed in either of claims 3 and 4 
wherein the residence time is between about 8 sec- 
onds to about 15 seconds. 

A process as claimed in claim 4 wherein the filter 
medium serves to promote the reduction of the par- 
ticle size of the liquid phosphorus-containing agent 
and to promote the uniform distribution of the phos- 
phorus-containing agent in the phosphorus-bearing 
hydrocarbon feed stream. 
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A process as claimet^^^im 4 wherein the aver- 
age particle size ol^m phosphorus-containing 
agent in the reactor feed stream is less than about 
10*i. 



9. A process as claimed in claim 4 wherein the aver- 
age particle size of the phosphorus-containing 
agent in the reactor feed stream is less than about 
3H 

10. A process as claimed in claim 4 wherein the phos- 
phorus-containing agent is preheated to a tempera- 
ture greaterthan about 20°C below the temperature 
of the hydrocarbon feed stream before the agent is 
introduced into the hydrocarbon feed stream. 



18. A process as cld^^in claim 4 wherein the proc- 
ess further comprises introducing additional phos- 
phorus-containing agent into the phosphorus- 
bearing hydrocarbon feed stream downstream from 

5 the filter medium. 

19. A process as claimed in claim 4 wherein the phos- 
phorus-containing agent comprises an alkyl ester 
of orthophosphoric acid or an alkyl ester of an 

10 orthophosphoric acid derivative. 

20. A process as claimed in claim 4 wherein the phos- 
phorus-containing agent comprises an alkyl ester 
of orthophosphoric acid having the following struc- 

15 ture: 



11. A process as claimed in claim 4 wherein the phos- 
phorus-containing agent is preheated to a tempera- 
ture greaterthan about 1 0°C below the temperature 
of the hydrocarbon feed stream before the agent is 
introduced into the hydrocarbon feed stream. 

12. A process as claimed in claim 4 wherein the phos- 
phorus-containing agent is preheated to a tempera- 
ture of at least 70°C before the agent is introduced 
into the hydrocarbon feed stream. 

13. A process as claimed in claim 4 wherein the phos- 
phorus-containing agent is injected into the hydro- 
carbon feed stream. 

14. A process as claimed in claim 4 wherein the phos- 
phorus-containing agent is introduced into the 
hydrocarbon feed stream through a tube inserted 
into the hydrocarbon feed stream, wherein the tube 
comprises a fritted tip through which the phospho- 
rus-containing agent exits the tube. 

15. A process as claimed in claim 4 wherein the tube is 
inserted into the hydrocarbon feed stream substan- 
tially perpendicular to the direction of the flow of the 
hydrocarbon feed stream. 

16. A process as claimed in claim 4 wherein the phos- 
phorus-bearing hydrocarbon feed stream is divided 
into two or more separate feed streams for use in 
two or more separate catalytic reactors. 

17. A process as claimed in claim 4 wherein the proc- 
ess further comprises introducing the phosphorus- 
containing agent at a first rate into the hydrocarbon 
feed stream thereby forming a phosphorus-bearing 
hydrocarbon feed stream, and introducing addi- 
tional phosphorus-containing agent at a second 
rate into the phosphorus-bearing hydrocarbon feed 
steam downstream from where the phosphorus- 
containing agent is introduced into the hydrocarbon 
feed stream. 



(RO) 3 P=0 (I) 

or an alkyl ester of an orthophosphoric acid deriva- 
20 tive having the following structure: 

(RO) 3 P (||) 

wherein R is hydrogen or a to C 4 alkyl, at least 
25 one R being a to C 4 alkyl. 

21. A process as claimed in claim 20 wherein the phos- 
phorus-containing agent is selected from the group 
consisting of trialkyl phosphates and trialkyl phos- 

30 phites. 

22. A process as claimed in claim 21 wherein the phos- 
phorus-containing agent is selected from the group 
consisting of trimethyl phosphate, triethyl phos- 

35 phate, trimethyl phosphite and triethyl phosphite. 

23. A process as claimed in claim 22 wherein the phos- 
phorus-containing agent is trimethyl phosphate. 

40 24. A process as claimed in claim 4 wherein the con- 
centration of the phosphorus-containing agent in 
the reactor feed stream is about 1 ppmw to about 
20 ppmw. 

45 25. A process as claimed in claim 4 wherein the con- 
centration of the phosphorus-containing agent in 
the reactor feed stream is about 7 ppmw to about 
14 ppmw. 

so 26. A process as claimed in claim 4 wherein the rate at 
which the phosphorus-containing agent is intro- 
duced into the catalytic reactor is between about 
0.005 g per kilogram of total bed catalyst per day to 
about 5 g per kilogram of the total catalyst in the 

55 bed per day. 

27. A process as claimed in claim 4 wherein the cata- 
lyst has a phosphorus/vanadium atom ratio of from 
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about 0.95 to about 1.2. 



introducing the pru^^B-us-containing agent 
into a gaseous feeo^tream comprising the 
hydrocarbon in a first mixing zone upstream of 
a gas/liquid contact zone, thereby producing a 
phosphorus-bearing hydrocarbon feed stream, 
the gas/liquid contact zone comprising a 
means for promoting interfacial contact 
between the liquid phosphorus-containing 
agent and the hydrocarbon feed gas; 
combining the phosphorus-bearing hydrocar- 
bon feed stream with molecular oxygen or a 
molecular oxygen-containing gas downstream 
of the gas/liquid contact zone to form a reactor 
feed stream, and 

reacting the hydrocarbon with molecular oxy- 
gen in the reactorto produce a reaction product 
comprising maleic anhydride. 

39. A process as claimed in claim 38 wherein the 
hydrocarbon feed stream comprises droplets of liq- 
uid phosphorus-containing agent and the means 
serves to promote the reduction of the size of the 
droplets by providing a surface area for impinge- 
ment of the droplets. 

40. A process as claimed in claim 38 wherein the 
means comprises a means selected from the group 
consisting of filter media, static mixers, pipe fittings, 
and turbulence-inducing flow devices. 

41. A process as claimed in claim 40 wherein the 
means comprises a filter medium. 

42. A process as claimed in claim 41 wherein the 
means comprises a filter medium and serves to 
promote the reduction of the particle size of the 
phosphorus-containing agent and to promote the 
uniform distribution of the phosphorus-containing 
agent in the phosphorus-bearing hydrocarbon feed 
stream. 

43. A process for the preparation of maleic anhydride 
by reacting a hydrocarbon having at least four car- 
bon atoms in a straight chain with molecular oxygen 
in a catalytic reactor, the reactor comprising a fixed 
catalyst bed having active sites comprising a vana- 
dium-phosphorus-oxygen catalyst for the catalytic 
oxidation of the hydrocarbon to maleic anhydride, 
the process further comprising the continuous or 
intermittent introduction of a liquid phosphorus-con- 
taining agent to the reactor, an improvement in the 
manner m which the phosphorus-containing agent 
is introduced into the reactor so as to improve the 
distribution of the phosphorus-containing agent 
throughout the reactor, characterised in that the 
process comprises: 

introducing the phosphorus-containing agent 



28. A process as claimed in claim 4 wherein the hydro- 
carbon is a saturated hydrocarbon. 

5 

29. A process as claimed in claim 28 wherein the 
hydrocarbon is n-butane. 

30. A process as claimed in claim 4 wherein the molec- 
ular oxygen-containing gas is air. to 

31. A process as claimed in claim 4 wherein the hydro- 
carbon-in-air concentration is from about 1 mole 
percent to about 10 mole percent. 

15 

32. A process as claimed in claim 4 wherein the hydro- 
carbon-in-air concentration is from about 1 .5 mole 
percent to about 4 mole percent. 

33. A process as claimed in claim 4 wherein the reac- 20 
tion is conducted at a temperature of from about 
300°C to about 600°C, the pressure is from about 

1 4.7 psig to about 50.0 psig, and the space velocity 
is about 100 hour" 1 to about 4000 hour" 1 . 

25 

34. A process as claimed in claim 4 wherein the reac- 
tion is conducted at a temperature of from about 
425°C to about 450°C, the pressure is from about 
20.0 psig to about 28.0 psig, and the space velocity 

is about 1 700 hour" 1 to about 2500 hour" 1 . 30 

35. A process as claimed in claim 4 wherein the conver- 
sion of the hydrocarbon introduced to the reactor is 
at least about 70%. 

35 

36. A process as claimed in claim 4 wherein the maleic 
anhydride yield is at least 45 mole percent. 

37. A process as claimed in claim 4 wherein the aver- 
age yield decay is less than about 0.25% per 40 
month. 

38. A process for the preparation of maleic anhydride 
by reacting a hydrocarbon having at least four car- 
bon atoms in a straight chain with molecular oxygen 45 
in a catalytic reactor, the reactor comprising a fixed 
catalyst bed having active sites comprising a vana- 
dium-phosphorus-oxygen catalyst for the catalytic 
oxidation of the hydrocarbon to maleic anhydride, 

the process further comprising the continuous or so 
intermittent introduction of a liquid phosphorus-con- 
taining agent to the reactor, an improvement in the 
manner in which the phosphorus-containing agent 
is introduced into the reactor so as to improve the 
distribution of the phosphorus-containing agent 55 
throughout the reactor, characterised in that the 
process comprises: 
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into a gaseous ^^Bstream comprising the 
hydrocarbon in a firamixing zone, thereby pro- 
viding a phosphorus-bearing hydrocarbon feed 
stream, 

passing the phosphorus-bearing feed stream 5 
through a filter medium that intercepts the liq- 
uid phosphorus-containing agent and distrib- 
utes it within the medium laterally across the 
flow path of the hydrocarbon feed stream, 
thereby dispersing the phosphorus-containing io 
agent to promote uniform radial distribution of 
the liquid phosphorus-containing agent within 
the phosphorus-bearing hydrocarbon stream 
as the liquid is re-entrained therein from the fil- 
ter medium, 75 
combining the phosphorus-bearing hydrocar- 
bon feed stream with molecular oxygen or a 
molecular oxygen-containing gas in an oxygen 
mixing zone downstream of said filter medium, 
and 20 
reacting the hydrocarbon with molecular oxy- 
gen in the reactor to produce a reaction product 
comprising maleic anhydride. 



36 



44. A process as claimed in claim 43 wherein the liquid 
phosphorus-containing agent is re-entrained in 
droplets presenting a high surface area effective to 
promote vaporization of the phosphorus-containing 
agent in the gas stream upon mixing with the oxy- 
gen-containing gas. 

45. A process as claimed in claim 44 wherein the parti- 
cle size of said droplets is between about 1 and 
about 5 \l 

46. A process as claimed in claim 45 wherein the filter 
medium comprises a porous medium having an 
average pore size of between about 1 and about 5 
V- 

47. A process as claimed in claim 43 wherein said filter 
medium extends substantially across the entire flow 
path of the phosphorus-bearing hydrocarbon feed 
stream. 

48. A process for the preparation of maleic anhydride 
by reacting a hydrocarbon having at least four car- 
bon atoms in a straight chain with molecular oxygen 
in a catalytic reactor, the reactor comprising a fixed 
catalyst bed having active sites comprising a vana- 
dium-phosphorus-oxygen catalyst for the catalytic 
oxidation of the hydrocarbon to maleic anhydride, 
the process further comprising the continuous or 
intermittent introduction of a phosphorus-contain- 
ing agent to the reactor, an improvement in the 
manner in which the phosphorus-containing agent 
is introduced into the reactor so as to improve the 
distribution of the phosphorus-containing agent 



throughout the i^PBr, characterised in that the 
process comprisies: 

introducing the phosphorus-containing agent 
into a gaseous feed stream comprising the 
hydrocarbon in a first mixing zone, thereby pro- 
viding a phosphorus-bearing hydrocarbon feed 
stream, 

passing the phosphorus-bearing feed stream 
through a conduit comprising a flow restriction 
comprising means for dispersing the phospho- 
rus-containing agent to promote uniform radial 
distribution of the phosphorus-containing agent 
within the phosphorus-bearing hydrocarbon 
stream, 

combining the phosphorus-bearing hydrocar- 
bon feed stream with molecular oxygen or a 
molecular oxygen-containing gas in an oxygen 
mixing zone downstream of said flow restriction 
comprising means, and 

reacting the hydrocarbon with molecular oxy- 
gen in the reactor to produce a reaction product 
comprising maleic anhydride. 



25 49. A process as claimed in claim 48 wherein said 
phosphorus-containing agent comprises a liquid, 
and said flow restriction comprises a gas/liquid con- 
tact zone comprising means effective to promote 
interfacial contact between the liquid phosphorus- 

30 containing agent and the hydrocarbon gas. 

50. A process as claimed in claim 49 wherein passage 
of the phosphorus-bearing hydrocarbon feed 
stream through said gas/liquid contact zone is 

35 effective to reduce the average particle size of liquid 
droplets of phosphorus-containing agent dispersed 
in a gasesous hydrocarbon. 

51. A process as claimed in claim 50 wherein the aver- 
40 age particle size of the liquid droplets is reduced to 

a size effective to promote vaporization of said liq- 
uid phosphorus-containing agent after the phos- 
phorus-bearing hydrocarbon stream is mixed with 
said oxygen-containing gas. 

45 

52. A process as claimed in claim 51 wherein said 
gas/liquid contact zone comprises impingement 
surfaces for said liquid droplets and/or means for 
promoting vaporization of the droplets. 

50 

53. A process as claimed in claim 48 wherein said flow 
restriction is selected from the group consisting of 
filter media, static mixers, pipe fittings, and turbu- 
lence inducing flow devices. 

55 

54. A process for the preparation of maleic anhydride 
by reacting a hydrocarbon having at least four car- 
bon atoms in a straight chain with molecular oxygen 
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in a catalytic reactor, the re ad^pBm prising a fixed 
catalyst bed having active sites comprising a vana- 
dium-phosphorus-oxygen catalyst for the catalytic 
oxidation of the hydrocarbon to maleic anhydride, 
the process further comprising the continuous or 5 
intermittent introduction of a phosphorus-contain- 
ing agent to the reactor, an improvement in the 
manner in which the phosphorus-containing agent 
is introduced into the reactor so as to improve the 
distribution of the phosphorus-containing agent w 
throughout the reactor, characterised in that the 
process comprises: 

introducing the phosphorus-containing agent 
into a feed stream comprising the hydrocarbon 15 
in a first mixing zone at a first rate, thereby pro- 
viding a first phosphorus-bearing hydrocarbon 
feed stream, 

passing the first phosphorus-bearing hydrocar- 
bon feed stream through a first conduit to a 20 
second mixing zone, 

introducing additional phosphorus-containing 
agent into the first phosphorus-bearing hydro- 
carbon feed stream in a second mixing zone at 
a second rate, thereby providing a second 25 
phosphorus-bearing hydrocarbon feed stream, 
passing the second phosphorus-bearing 
hydrocarbon feed stream through a second 
conduit to an oxygen mixing zone and mixing 
the phosphorus-bearing hydrocarbon feed 30 
stream with molecular oxygen or a molecular 
oxygen-containing gas in the oxygen mixing 
zone to form a reactor feed stream, the sum of 
the residence time of the first phosphorus- 
bearing hydrocarbon feed stream between the 35 
first mixing zone and the second mixing zone 
and the residence time of the second phospho- 
rus-bearing hydrocarbon feed stream between 
the second mixing zone and the oxygen mixing 
zone being greater than one second, and 40 
reacting the hydrocarbon with molecular oxy- 
gen in the reactor to produce a reaction product 
comprising maleic anhydride. 

55. A process as claimed in either one of claims 1 7 and 45 
54 wherein the ratio of the first rate to the second 
rate is at least about 3:1 . 

56. A process as claimed in either one of claims 1 7 and 

54 wherein the ratio of the first rate to the second so 
rate is at least about 4:1 . 

57. A process comprising a catalytic reactor for prepar- 
ing maleic anhydride by reacting a hydrocarbon 
having at least four carbon atoms in a straight chain 55 
with molecular oxygen, each reactor comprising a 
fixed catalyst bed having active sites comprising a 
vanadium-phosphorus-oxygen catalyst for the cata- 



lytic oxidation of the hy^^Bbon to maleic anhy- 
dride, an improvement in controlling the 
introduction of a phosphorus-containing agent into 
the reactor, characterised in that the process com- 
prises: 

dividing a supply of phosphorus-containing 
agent between a primary supply for delivery to 
a primary mixing zone and a secondary supply 
for delivery to a secondary mixing zone down- 
stream of said primary mixing zone with 
respect to the flow of hydrocarbon gas to said 
reactor; 

measuring the rate of flow of hydrocarbon gas 
entering said primary mixing zone; 
controlling the rate at which said primary sup- 
ply of phosphorus-containing agent is intro- 
duced into said primary mixing zone to provide 
a predetermined minimum concentration of 
said phosphorus-containing agent in a primary 
phosphorus-bearing hydrocarbon stream exit- 
ing said primary mixing zone; and 
introducing said secondary supply of phospho- 
rus-containing agent and said primary phos- 
phorus-bearing hydrocarbon stream into said 
secondary mixing zone to produce an adjusted 
phosphorus-bearing hydrocarbon stream; and 
mixing said adjusted phosphorus-bearing 
hydrocarbon feed stream with an oxygen-con- 
taining gas to provide said reactor feed stream; 
wherein the rate at which said secondary sup- 
ply of said phosphorus-containing agent is 
introduced into said secondary mixing zone is 
controlled to provide a total concentration of 
phosphorus-containing agent in said adjusted 
phosphorus-bearing hydrocarbon stream cor- 
responding to a predetermined concentration 
having a hydrocarbon to phosphorus-contain- 
ing compound ratio effective to provide a target 
concentration of phosphorus in said reactor 
feed gas entering said catalyst bed. 

58. A process as claimed in claim 57 wherein the phos- 
phorus-bearing hydrocarbon stream exiting said 
primary mixing zone and said secondary supply of 
said phosphorus-containing agent are each divided 
into a plurality of secondary streams for separate 
supply to a plurality of secondary mixing zones 
downstream of said primary mixing zone, and the 
adjusted phosphorus-bearing hydrocarbon feed 
stream exiting each of said secondary mixing zones 
is delivered to a corresponding reactor of a plurality 
of reactors each supplied from a separate second- 
ary mixing zone. 

59. A process as claimed in claim 58 wherein the con- 
centration of phosphorus-containing agent in the 
phosphorus-bearing hydrocarbon stream exiting 
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said primary mixing z^^Bequal to or lower than a 
predetermined concentrSon having a hydrocarbon 
to phosphorus-containing compound ratio effective 
to provide the lowest of the target concentrations of 
phosphorus in the reactor feed gases respectively 5 
entering the catalyst beds of said plurality of reac- 
tors. 

60. A process as claimed in claim 59 wherein the rate 

of introduction of phosphorus-containing com- 10 
pound into each of the plurality of secondary mixing 
zones is controlled to provide a predetermined con- 
centration having a hydrocarbon to phosphorus- 
containing compound ratio effective to provide a 
target concentration of phosphorus in the reactor 15 
feed gas entering the catalyst bed to which the 
stream exiting such secondary mixing zone is 
directed. 

61. A process employing a catalytic reactor for prepar- 20 
ing maleic anhydride by reacting a hydrocarbon 
having at least four carbon atoms in a straight chain 
with molecular oxygen, each reactor comprising a 
fixed catalyst bed having active sites comprising a 
vanadium-phosphorus-oxygen catalyst for the cata- 25 
lytic oxidation of the hydrocarbon to maleic anhy- 
dride, an improvement in controlling the 
introduction of a phosphorus-containing agentinto 

the reactor,, characterised in that the process com- 
prises: 30 

dividing a supply of phosphorus-containing 
agent between a primary supply for delivery to 
said primary:mixing zone and a secondary sup- 
ply for delivery to a secondary mixing zone 35 
downstream of said primary mixing zone with 
respect to the flow of hydrocarbon gas to said 
reactor; 

measuring the rate of flow of hydrocarbon gas 
entering said primary mixing zone; 40 
controlling the rate at which the primary supply 
of said phosphorus-containing agent is intro- 
duced into said primary mixing zone to provide 
a predetermined minimum concentration of 
said phosphorus-containing agent in a primary 45 
phosphorus-bearing hydrocarbon stream exit- 
ing said primary mixing zone; and 
introducing said secondary supply of said 
phosphorus-containing agent and another 
stream comprising said primary phosphorus 50 
bearing hydrocarbon stream into said second- 
ary mixing zone to produce an adjusted phos- 
phorus-bearing stream; 

wherein the rate of introduction of said second- 
ary supply of said phosphorus-containing 55 
agent into said secondary mixing zone is con- 
trolled to provide a total concentration of phos- 
phorus-containing agent in said adjusted 
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phosphorus-B^Prig hydrocarbon stream cor- 
responding to a predetermined concentration 
having a hydrocarbon to phosphorus-contain- 
ing compound ratio effective to provide a target 
concentration of phosphorus in said reactor 
feed gas entering said catalyst bed. 

62. A process as claimed in claim 61 wherein said pri- 
mary phosphorus-bearing hydrocarbon stream is 
mixed with phosphorus-containing agent intro- 
duced into said secondary mixing zone. 

63. A process as claimed in claim 61 wherein said pri- 
mary phosphorus-bearing hydrocarbon stream is 
mixed with an oxygen containing gas to produce a 
pre-adjusted reactor feed gas; and said pre- 
adjusted reactor feed gas is mixed with phospho- 
rus-containing agent introduced into said second- 
ary mixing zone to produce an adjusted reactor 
feed stream. 

64. A process employing a plurality of catalytic reactors 
for preparing maleic anhydride by reacting a hydro- 
carbon having at least four carbon atoms in a 
straight chain with molecular oxygen, each reactor 
comprising a fixed catalyst bed having active sites 
comprising a vanadium-phosphorus-oxygen cata- 
lyst for the catalytic oxidation of the hydrocarbon to 
maleic anhydride, an improvement in controlling the 
continuous or intermittent introduction of a phos- 
phorus-containing agent into the reactor, character- 
ised in that the process comprises: 

measuring the flow rate of a feed stream com- 
prising the hydrocarbon, 
calculating a first rate of addition of the phos- 
phorus-containing agent to be introduced into 
the hydrocarbon feed stream, 
controlling the introduction of the phosphorus- 
containing agent into the hydrocarbon feed 
stream in accordance with the calculated first 
rate of addition, the phosphorus-containing 
agent being introduced into the hydrocarbon 
feed stream in a first mixing zone, thereby pro- 
viding a primary phosphorus-bearing hydrocar- 
bon feed stream, the primary phosphorus- 
bearing hydrocarbon feed stream passing 
through a first conduit to a manifold where the 
primary phosphorus-bearing hydrocarbon feed 
stream is divided into a plurality of secondary 
hydrocarbon feed streams passing through a 
series of second conduits to a series of second 
mixing zones, 

calculating a second rate of addition of the 
phosphorus-containing agent to be optionally 
introduced into each secondary hydrocarbon 
feed stream, 

controlling the introduction of the phosphorus- 
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65. 



containing agent into ea^^econdary hydro- 
carbon feed stream in accordance with each 
corresponding calculated second rate of addi- 
tion, the phosphorus-containing agent being 
optionally introduced into each secondary 5 
hydrocarbon feed stream in each second mix- 
ing zone, thereby providing a plurality of sec- 
ondary phosphorus-bearing hydrocarbon feed 
streams, the second rate of addition of the 
phosphorus-containing agent introduced into 10 
each secondary hydrocarbon feed stream 
being independent of the second rate of addi- 
tion of the phosphorus-containing agent intro- 
duced into each of the other secondary 
hydrocarbon feed streams, 75 
mixing each secondary phosphorus-bearing 
hydrocarbon feed stream with molecular oxy- 
gen or a molecular oxygen-containing gas in an 
oxygen mixing zone, thereby producing a plu- 
rality of secondary reactor feed streams that 20 
are introduced into separate catalytic reactors, 
the sum of the residence time of the primary 
phosphorus-bearing hydrocarbon feed stream 
between the first mixing zone and the manifold, 
the residence time of the secondary hydrocar- 25 
bon feed stream between the manifold and the 
second mixing zone, and the residence time of 
the secondary phosphorus-bearing hydrocar- 
bon feed stream between the second mixing 
zone and the oxygen mixing zone being greater 30 
than one second, and 

reacting the hydrocarbon with molecular oxy- 
gen in each catalytic reactor to produce a reac- 
tion product comprising maleic anhydride, 
wherein the first rate of addition corresponds to 35 
a minimum predetermined rate of addition of 
the phosphorus-containing agent as a function 
of the measured flow rate of the hydrocarbon 
feed stream, and 

wherein the second rate of addition is calcu- 40 
lated independently for each secondary hydro- 
carbon feed stream as a function of the 
measured flow rate of the hydrocarbon feed 
stream and corresponds to a final target rate of 
addition of phosphorus-containing agent for the 45 
reactor into which the secondary reactor feed 
stream is to be introduced as reduced to 
account for the portion of the phosphorus-con- 
taining agent previously introduced in the first 
mixing zone that is contained in the secondary 50 
reactor feed stream. 

A process employing a catalytic reactor for prepar- 
ing maleic anhydride by reacting a hydrocarbon 
having at least four carbon atoms in a straight chain 55 
with molecular oxygen, each reactor comprising a 
fixed catalyst bed having active sites comprising a 
vanadium-phosphorus-oxygen catalyst for the cata- 



lytic oxidation of the hy^^Bbon to maleic anhy- 
dride, an improvement^ the controlling the 
continuous or intermittent introduction of a phos- 
phorus-containing agent into the reactor, character- 
ised in that the process comprises: 

measuring the flow rate of a feed stream com- 
prising the hydrocarbon, 
calculating a first rate of addition of phospho- 
rus-containing agent to be introduced into the 
hydrocarbon feed stream, 
controlling the introduction of the phosphorus- 
containing agent into the hydrocarbon feed 
stream in accordance with the calculated first 
rate of addition, the phosphorus-containing 
agent being introduced into the hydrocarbon 
feed stream in a first mixing zone, thereby pro- 
viding a first phosphorus-bearing hydrocarbon 
feed stream, the first phosphorus-bearing 
hydrocarbon feed stream passing through a 
first conduit to a second mixing zone, 
calculating a second rate of addition of phos- 
phorus-containing agent to be optionally intro- 
duced into the first phosphorus-bearing 
hydrocarbon feed stream, 
controlling the introduction of the phosphorus- 
containing agent into the first phosphorus- 
bearing hydrocarbon feed stream in accord- 
ance with the calculated rate of addition, the 
phosphorus-containing agent being introduced 
into the first phosphorus-bearing hydrocarbon 
feed stream in the second mixing zone, thereby 
providing a second phosphorus-bearing hydro- 
carbon feed stream, 

combining the second phosphorus-bearing 
hydrocarbon feed stream wit molecular oxygen 
or a molecular oxygen-containing gas in an 
oxygen mixing zone to form a reactor feed 
stream, the sum of the residence time of the 
first phosphorus-bearing hydrocarbon feed 
stream between the first mixing zone and the 
second mixing zone and the residence time of 
the second phosphorus-bearing hydrocarbon 
feed stream between the second mixing zone 
and the oxygen mixing zone being greater than 
one second, and 

reacting the hydrocarbon with molecular oxy- 
gen in the reactorto produce a reaction product 
comprising maleic anhydride, 
wherein the first rate of addition corresponds to 
a minimum predetermined rate of addition of 
the phosphorus-containing agent as a function 
of the measured flow rate of the hydrocarbon 
feed stream, and 

wherein the second rate of addition is calcu- 
lated as a function of the measured flow rate of 
the hydrocarbon feed stream and corresponds 
to a final target rate of addition of phosphorus- 
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containing agent reactor as reduced to 

account for the jSi^horus-containing agent 
previously introduced in the first mixing zone. 



66. A process as claimed in claim 65 wherein the intro- 5 
duction of the phosphorus-containing agent in the 
first mixing zone and the second mixing zone is 
controlled by one or more PID controllers. 
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